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ABSTRACT 
Nanoscale Hierarchical Phase Behavior of Liquid Crystalline Block Copolymers 
Kishore Kumar Tenneti 
Advisor: Christopher Y. Li, Ph.D. 
 
 
 
Self assembly of block copolymers (BCPs) is a bottom-up technique for 
manufacturing nanostructures with precision and efficiency. Hierarchy in structure and 
functionality can be achieved in BCPs by combining two classes of soft matter (BCPs 
and liquid crystalline polymers (LCPs)), which form ordered structures at different length 
scales, into a single phase system. Ensembles of nanostructures ranging from few 
nanometers to micrometers can be achieved. Three methods that have varying flexibility 
in terms of structure and functionality have been used to introduce LCPs into BCPs. The 
first part of the research focused on the characterization of phase structures of mesogen-
jacketed LCPs that form rigid macromolecular columns within which the mesogens were 
aligned at an angle to the polymer backbone. A series of samples were investigated and 
the influence of molecular weight (Mn) and volume fraction (f) on the overall phase 
behavior was studied in both low Mn and high Mn systems and symmetric/asymmetric 
systems. After establishing the phase behavior of MJ-LCBCP system, the second part of 
the thesis was focused on changing the diameter and surface chemistry of the 
macromolecular columns. The diameter was increased by changing the three-ring 
mesogen into a five-ring mesogen and the surface chemistry was altered by introducing 
alkyl tails along to the mesogens. This led to the formation of core-shell MJ-LCBCP 
system formed by the mesogenic core and alkyl tails. Within this system, the influence of 
f on the final phase morphology was studied in symmetric/asymmetric samples. The final 
part of the thesis was focused on the influence of improving the flexibility of the 
xx 
 
mesogen. Accordingly, both SC-LCBCP and H-bonded LCBCPs were studied. In the SC-
LCBCPs, 12 carbon spacers were used to decouple the interactions between the mesogen 
and polymer backbone whereas in the H-bonded system, interactions between terminal –
OH group of mesogen and nitrogen of the pyridine block were exploited to achieve the 
H-bond. The influence of fLC on the final phase structures was studied in both these 
systems. Detailed structural characterization results are presented that emphasize the 
unique phase behavior of these advanced materials. 
 
  
0 
 
 
  
1 
 
CHAPTER 1. INTRODUCTION 
 
 
Nanoscale science and technology (NST) involves research into the factors that 
contribute to the organization/manipulation of matter at less than 100nm length scale.1 
The impact of the developments in the field of NST on daily life has been tremendous as 
it has made everyday tools faster, lighter and cheaper. The ability to control and 
manipulate matter at the nanoscale in order to achieve desired macroscopic properties is a 
challenge to scientists in the area of NST since at these length scales precision in 
arrangement and order are critical. There are two essential methods of fabricating 
nanoscale architectures and can be classified as top-down and bottom-up methods. 
Manipulating a macroscopic object using miniaturized tools is the principle of top-down 
method and has been a very consistent method for making nanoscale patterns. 
Lithography is a standard example of top-down technique where a desired pattern is 
transferred onto a substrate using a source of radiation such as an electron beam. 
However, the limit for smallest pattern achievable using top-down method is restricted by 
two important factors: first the smallest achievable wavelength of the source and second 
the costs associated with the commercialization of such procedures to obtain industrial 
scale bulk production.2 In contrast, the bottom-up technique is characterized by the 
arrangement of materials starting at the molecular level and constructing a macroscopic 
system. Low costs and good control over the chemistry of materials (bolstered by the 
tremendous development of synthetic strategies) have triggered the adoption of the 
bottom-up technique as a viable solution to generate nanoscale ensembles with ease. An 
example of bottom-up technique is usage of materials that readily “self-assemble” into 
ordered patterns at nanoscale.3 The size of a typical polymer chain with molecular weight 
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(number average molecular weight, Mn) 100,000 g/mol is ~10nm  and so polymers 
become a natural choice of materials that can be employed in bottom-up method of 
nanofabrication. As a consequence, polymer self-assembly has gained tremendous 
attention with many research groups reporting interesting observations on the phase 
behavior of these materials.4 The use of polymer-based materials in various day-to-day 
applications has grown significantly due to the numerous advantages they offer. Polymers 
are easy to make/mold, cheap, corrosion and chemical resistant, stable for all moderate 
temperature applications and have moderate specific strength values. In addition to these 
macroscopic properties research into the nanoscale applications of polymers has been 
receiving tremendous interest in the polymer community as polymer nanotechnology 
transformed into an indispensible part of NST. 
Most often a desirable set of properties are not found in a single polymeric 
system; rather these are achieved by alloying different polymers together. Mechanical 
mixing of polymers results in the formation of polymer blends that exhibit the desirable 
properties of the combining polymers. However, a polymer blend has many inherent 
shortcomings such as uniformity of dispersion and miscibility etc. that adversely affect 
the translation of constituent properties to the final product. Block copolymers (BCPs) 
are a class of polymeric materials that are obtained by chemically bonding two or more 
polymers. BCP is a single phase system that exhibits the desired properties of its 
constituent polymers and this makes BCPs more desirable materials compared to blends.5 
BCPs have been used as thermoplastic elastomers, surfactants/compatibilizers, viscosity 
modifiers, adhesives etc. for quite a long time. Nevertheless, the true potential of BCPs in 
nanoscale applications has not been realized until the last decade.6 A thorough 
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investigation into the phase behavior of BCPs has revealed that they have a natural ability 
to self assemble into highly order nanostructures with a variety of morphologies. In 
addition, developments in the field of polymer chemistry enabled tailoring of molecules 
that can be used in BCPs thereby propelling their candidature as ideal materials for the 
bottom-up technique of nanofabrication.7 BCPs are now being used for the fabrication of 
photonic crystals, nanoporous materials with variable pore size, nanoscale pattern transfer 
masks, micelles for drug delivery applications etc.8, 9 Current research activities in the 
field of BCPs are focused on the exploration of avenues via which BCPs can be used as 
templates to introduce multiple length scale interactions, leading to materials with 
structural and functional hierarchy. This can be achieved by introducing materials that 
exhibit desirable properties due to organization at length scales that are an order of 
magnitude smaller than the self-assembled structures of BCPs leading to the formation of 
single phase multicomponent systems. Success in achieving such novel advanced 
materials enables the realization of one of the long term goals of scientists: to mimic 
nature in synthetic materials.5 
This thesis project is directed towards fundamental understanding of the factors 
that influence the phase behavior in single phase multicomponent systems called liquid 
crystalline BCPs (LCBCPs), which possess structural order at two different length scales, 
1-10nm and 10-100nm, due to LC and BCP self-assembly respectively. Three methods of 
associating the LCs with the BCPs have been investigated that have varying flexibility. 
The first method involves rigid LCPs attached directly to a flexible coil leading to novel 
phase behavior due to the rigidity contrast. The second method involves decoupling the 
interactions of the LCs and the polymer backbone by introducing spacers thereby 
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reducing the effect of rigidity on the backbone. The third method imparts further 
flexibility between LCs and the polymers by using non-covalent interactions (hydrogen 
bond) between the LC and the polymer backbone. The influence of the bond flexibility 
and LC chemistry on the final phase behavior of LCBCPs was investigated. 
 
1.1. Background and literature review 
1.1.1. Thermodynamic phase behavior of coil-coil block copolymers 
A BCP is a single phase macromolecular system formed by covalently combining 
two or more polymers. The enthalpic and entropic factors associated with covalently 
linking dissimilar polymers leads to intriguing phase behavior in BCPs.5, 10-13 The 
thermodynamic interaction between two dissimilar molecules A and B is given by the 
Flory-Huggins interaction parameter, χAB, which is the enthalpy term. The magnitude of 
χAB for two polymers is usually positive indicating that their mixing is not favored. In a 
typical blend of two polymers A and B, this chemical incompatibility drives the system to 
undergo macrophase separation leading to A-rich and B-rich domains, having 
characteristic dimensions in the micron length scale, such that there is minimal segment-
segment contact at the interface. In an AB BCP, the chemical bond between the blocks 
prevents such macrophase separation. However, BCPs do undergo microphase separation 
and form a variety of self-assembled ordered nanostructures at much smaller length 
scales (typically 10-100nm). The nanostructure formation process is the cumulative result 
of enthalpy gain due to polymer segregation (into domains) and the corresponding loss in 
entropy due to chain stretching away from the interface. The chemical bond between the 
two blocks becomes the boundary between the two nanodomains. The dimensions of 
these nanodomains are a function of the radius of gyration (Rg) of the polymer chains 
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(which in turn is a function of degree of polymerization, N). The product χN of a BCP 
system determines the strength or degree of segregation of these nanoscale domains. 
Theoretical calculations of coil-coil BCPs show that if χN >> 10.5, BCP undergoes 
microphase separation and forms ordered structures separated by sharp phase boundaries 
and the system is considered to be in the strong segregation limit (SSL). For χN << 10.5, 
entropic factors dominate and the BCP system is in a state of disorder or in the weak 
segregation limit (WSL).5, 11, 13 While χN determines the strength of microphase 
separation, the morphology of the BCP nanostructure is determined by the volume 
fraction (f) of the combining blocks. 1-dimensional (1D) structures called lamellar (L) 
morphology is commonly observed at symmetric volume fractions (fA ~ 0.5) in which 
alternating layers of polymer A and B are stacked together. Asymmetry in f leads to non-
planar morphologies with curved interfaces so that the stretching penalty of the majority 
block is reduced. The degree of curvature increases with increase in the degree of 
asymmetry leading to morphologies such as 3D honeycomb-like structure called the 
gyroid (G) (fA ~ 0.28-0.34), 2D hexagonally close packed cylinders (C) (fA ~ 0.17-0.28) 
and 0D spheres (S) (fA < 0.17) of the minority block forming a body-centered cubic 
(BCC) lattice in the matrix of the majority block. L, G, C and S, schematically shown in 
Figure 1.1,14 are the four traditional BCP morphologies and are shown to be the only 
structures that possess a constant mean curvature at the corresponding f and are hence 
thermodynamically stable. For a BCP system, χ is inversely related to temperature by the 
equation:     
                                                             
βαχ +=
T  
  .........................................................1. 1 
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where α and β are experimentally determined coefficients representing the enthalpy and 
entropy of the system and their values depend upon f and N. A periodically ordered BCP 
phase structure turns into a disordered melt as a function of temperature. The temperature 
at which the order to disorder transition occurs is called order-disorder transition 
temperature (ODT) and it varies form system to system. 
 A lot of research groups have investigated the phase behavior of coil-coil BCPs 
using both theoretical calculations and experimental methods. At the ODT all the BCP 
phases (except the S morphology) undergo direct transition into a disordered state. The 
BCC S structure transforms into a disordered micellar structure which ultimately forms a 
disordered melt at two different temperatures called the lattice disorder temperature 
(LDOT) and demicellization temperature (DMT) respectively.15 Helfand et al. and 
Semenov et al. provided the basis for quantitative analysis of BCP phase behavior in the 
SSL using a self-consistent field theory (SCFT) approach based on Meier’s criterion of 
enthalpic gain and entropic loss in high Mn systems.16-19 Leibler et al. investigated the 
phase behavior of BCPs in the high temperature or WSL regions and in the regions near 
ODT.20 Matsen et al. developed a comprehensive theoretical phase diagram using self-
consistent mean-field approach that unified the SSL and WSL along with the 
intermediate segregation limit (ISL) and was recently modified as shown in Figure 
1.2a.21, 22 The phase diagram consists of the traditional BCP L, G, C and S (both BCC and 
close packed) phases as a function of f. 
A number of research groups have successfully synthesized a variety of BCPs and 
characterized their phase structures. Advances in polymerization techniques (especially 
anionic) facilitated the synthesis of a variety of BCPs with very narrow Mn distributions 
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(PDI = Mw/Mn, where Mw is the weight average molecular weight). Figure 1.2b shows 
the phase diagram obtained from experimental observations of phase structures in 
poly(styrene-b-isoprene) (PS-b-PI) BCP system.23 The similarity between the two phase 
diagrams indicates the good agreement between theory and experimental observations. 
The phase behavior of PS-b-PI BCP system is one of the most extensively investigated.23-
31 Conventional L, G, C and S phase structures where PS forms both minority and 
majority phase have been reported in samples with narrow PDI. In addition to these 
conventional BCP morphologies, complex morphologies such as perforated layered (PL) 
or catenoid structures were also observed where the majority phase forms regular 
perforations/channels in the domains of the minority blocks and these perforations 
possessed an in-plane hexagonal symmetry inside the minority domain. The PL structure 
is considered as a long-lived metastable state.  
Similar traditional BCP morphologies were also observed in a number of 
amorphous coil-coil BCP systems consisting of both low and high glass transition 
temperature (Tg) polymers such as poly(styrene-b-butadiene) (PS-b-PB)32-35, 
poly(styrene-b-methyl methacrylate) (PS-b-PMMA)36, 37, poly(styrene-b-4-vinylpyridine) 
(PS-b-P4VP),38, 39 poly(styrene-b-dimethylsiloxane) (PS-b-PDMS)40 that underscores the 
generality of coil-coil BCP phase behavior. 
In addition to the ODT transitions, phase transitions from one type of ordered 
microdomain to the other (such as L↔C, S↔C etc.) also occur in BCPs. These phase 
transitions are called the order-order transitions (OOTs).41-48 These transitions generally 
occur through metastable intermediate structures or through the epitaxial growth of new 
phase structure from an existing morphology. Aligning the samples using 
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Figure 1.2. BCP phase diagram developed using a) SCFT calculations,21,22 b) 
experimental results from PS-b-PI system.23 
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external fields, such as mechanical shear, enhances epitaxy. The L↔C transition via two 
intermediate layered hexagonal phases: HML and HPL (hexagonally correlated channels 
of the majority polymer in the minority domains), as a function of temperature, was 
reported by Hamley et al. in poly(ethylenepropylene-b-ethylethylene) (PEP-b-PEE) BCP 
system where PEE is the minority block (fPEE=0.35).43 These transitions were studied 
using dynamic elastic shear modulus and small angle neutron scattering (SANS) 
experiments near the ODT. In a PS-b-PI system, thermally reversible S↔C epitaxial 
OOT was reported by Hashimoto et al. where PS formed the minority block with 
fPS=0.20.44 The C long axis is along [111] of the BCC S lattice and the transformation 
occurs via three steps of undulation, break up and relaxation of the PS cylinders into 
ordered S, whereas the reverse process involved elongation and coalescence of the S into 
PS C. L↔G transition was also reported in highly concentrated solutions of PS-b-PI with 
intermediate metastable HPL phase. 
 
1.1.2. Hierarchical systems using BCPs: Semicrystalline-amorphous BCPs 
Thorough understanding of the factors that influence the phase behavior of coil-
coil BCPs instigated the exploration of new avenues where they can be used to achieve 
novel advanced materials exhibiting much more complexity in form and function. The 
process of incorporating interactions at different length scales in order to achieve 
hierarchy in structure and functionality in a single phase material has been the topic of 
interest for many researchers.5 Tuning the chemical structure of one of the segments of 
the BCP can result in secondary structural order within BCP domains.  To this end, a few 
types of BCP systems have been proposed including semicrystalline-amorphous (X-A) 
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and crystalline-crystalline (X-X) BCPs where at least one of the combining blocks is a 
semicrystalline polymer. Structural hierarchy can be achieved in these thermoplastic 
elastomers due to ordered structure formation at two different length scales: BCP 
microphase separation (10-100nm) and the crystalline structure formation (1-10nm). In 
addition, the incorporation of semicrystalline materials imparts mechanical strength to the 
material. Strong thermoplastic materials with improved toughness can be achieved 
because the X block acts as physical crosslink and the amorphous block imparts energy 
absorbing character to the material.39, 49, 50 The thermodynamic self assembly process of 
the X-A BCPs becomes even more interesting because of the competition between 
microphase separation and crystallization processes. The overall phase behavior is the 
result of cumulative influence of these two processes.  
In X-A BCPs, the bulk phase morphology depends on whether BCP microphase 
separation or crystallization process dominates the overall phase structure. Three types of 
X-A diblock copolymer phase structures are possible.51-56 In the first type, the BCP 
microphase separation dominates the crystallization process and the crystal lamellae are 
confined within the BCP microdomains (TODT > Tc) within which they nucleate and 
grow. This kind of confined crystallization was mostly observed in high Mn systems 
(strongly segregated systems). Within the X block, the polymer crystals adopt a folded 
chain conformation. Depending upon the Tg of the amorphous block, both hard and soft 
confinement is possible based on whether the crystals are formed within the BCP glassy 
domains (Tg>Tc) or rubbery domains (Tc>Tg). The second type of phase structure in X-A 
BCPs is known as the templated structure where neither BCP microphase separation nor 
crystallization process dominates. This leads to a lot of non-uniformity and defects in 
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crystals within the X domains. The third type of BCP morphology in X-A BCPs is one 
where the overall morphology is completely dominated by crystallization process leading 
to the formation of macroscopic spherulites that completely destroy the BCP phase 
structures. This is termed as break-out crystallization and is most commonly observed in 
the low Mn BCPs (weakly segregated systems). The three modes of crystallization were 
shown in a classification map by Loo et al. based on their experimental results from PE-
b-PSEB and PE-b-PMB systems and consists of the normalized segregation strength 
plotted as a function of fPE as shown in Figure 1.3.53  
An understanding of the correlation between X chain orientation with respect to 
the BCP interface in X-A BCPs is essential to understand their phase behavior. Two 
types of orientations are predominant: parallel and perpendicular depending upon 
whether the orientation of the X polymer chain axis (the c axis) is parallel or 
perpendicular to the IMDS respectively; although tilted orientations have also been 
observed. In general, the growing crystal adopts the orientation that provides the least 
resistance.53 In a C forming PE-b-PVCH BCP system, irrespective of whether PE formed 
the majority or minority phase, the fastest growth direction (b-axis) of the PE crystals 
was always parallel to the C axis as reported by Quiram et al. ( PE was the minority 
block)57 and Loo et al. ( PE formed the matrix).58 In L forming PE-b-PVCH system, Loo 
et al. observed parallel orientation of c-axis with respect to the L interface.54 This was 
similar to the PE orientation observed in PE-b-PVCH system.52 In L forming PEO-b-PS 
system, Zhu et al. observed the transformation of the crystal orientation as a function of 
the Tc.59, 60 At high Tc (>35°C) where the low Mn PS domains are soft, the c-axis of PEO 
is parallel to the layer normal. At intermediate Tc values (-10−35°C), the c-axis adopted a 
13 
 
 
 
 
 
 
Figure 1.3. Classification map of the three modes of crystallization in X-A BCPs.53 
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tilted orientation with respect to the layer normal. At low Tc values (-50°C), the crystals 
were oriented with their c-axis parallel to the L. These results suggest that introducing X 
block not only helps achieve multiple length scale interactions in a single system but also 
induces complexity to the phase behavior of BCPs.  
 
1.1.3. Hierarchical systems using BCPs: Liquid crystalline-amorphous BCPs 
Apart from semicrystalline polymers, liquid crystals (LCs) are another class of 
materials that undergo self assembly and form phase structures in the 1-10nm length 
scale.61, 62 However, unlike semicrystalline polymers, LC polymers (LCPs) possess 
excellent electro-optical properties that can be controlled using external stimuli.63 
Associating an LCP into a BCP results in LCBCPs that exhibit hierarchy in structure and 
also functionality. 
1.1.3.1 Liquid crystals 
LC phase is a state of matter that is intermediate between crystalline solid and 
isotropic liquid states and is often referred to as mesomorphic (intermediate) state. A 
crystalline solid is characterized by long range order of its constituent molecules 
compared to isotropic liquid (I) that lacks any long range order. Any molecule that 
exhibits properties that are intermediate between the X and I is called an LC mesogen. 
LC phase is characterized by lack of long range positional and translational order along 
the mesogens. Mesogens are generally anisotropic with aspect ratio greater than 4.62 
Generally they consist of rigid molecules (such as aromatic rings) forming the core of the 
mesogen and the rings can be directly linked to one another or can be joined using linking 
groups such as –CH2CH2–, –CH≡CH–, -CH=N- etc. as shown in Figure 1.4a.63 The 
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aromatic rings provide rigidity to mesogens and help maintain their anisotropic structure. 
Attached to the rigid aromatic core are aliphatic tails that induce flexibility in the 
molecule and help modify the accessibility of the LC phases within moderate 
temperatures. In a mesogen, transformation from X to an LC phase can occur due to 
increase in temperature or due to an increase in concentration. The former are called 
thermotropic LCs whereas latter are called lyotropic LCs. LC mesogens can be either 
rod-like (calamitic LCs) or disc-like (discotic LCs) in shape. In an LC phase, the 
mesogens orient in a preferred direction called the director and is denoted by the unit 
vector, ො݊. The amount of orientational order in an LC phase can be defined using an order 
parameter, S defined as: 
 
                                                          2
1cos
2
3 2 −= θS   ..................................................1.2 
 
where θ is the angle between the molecular axis and the director. In a sample where all 
the molecules are perfectly oriented in a particular direction, S = 1 and for perfect 
disorientation, S = 0. For LCs, S varies between 0.3 and 0.8.63 In thermotropic LCs, S 
decreases with an increase in temperature due to the transition from X to I via LC phase. 
In different materials, this phase transition results in various unique correlations between 
the molecules that are identified as different LC phases. Figure 1.4b shows representative 
images of some of the most common LC phases.61, 63, 64  
Nematic (N, not to be confused with degree of polymerization; henceforth N 
denotes Nematic until mentioned otherwise) LC phase is characterized by the absence of 
long range translational order; however, all the molecules are parallel to the director. N 
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Figure 1.4. a) Molecular structure of a typical calamitic liquid crystal mesogen.63 b) 
Phase structures of most common LC phases.63 c) Schematic representation of 
BCLCs in SmAP AF & F arrangement.66 
 
 
 
H3CO CH
N C4H9
a
b
Nematic Smectic A Smectic C
Chiral Smectic C
Chiral mesogen
Spiralling
polarization 
direction
Front view Side view                      Back view
Polar order
P P
Antiferroelectric Ferroelectric
c
17 
 
phase is fluid-like in nature with high molecular mobility and is the most commonly used 
LC phase in technology (such as LC displays). Smectic (Sm) LC phase possesses higher 
degree of order compared to N. Sm phases are layered and possess definite interlayer 
spacing. Based on the molecular arrangement within these layers, different types of Sm 
phases are present. In Smectic A (SmA) LC phase, the mesogens within a layer do not 
possess positional order but their molecular axis is parallel to the layer normal. In 
Smectic C (SmC) phase the molecules within layers are tilted with respect to the layer 
normal. SmC is optically biaxial and is considered as an important phase from application 
point of view in technology because the molecules can be rotated about an axis using 
external field. Chiral SmC (SmC*) phase is a SmC phase with chiral mesogens and 
possess a helical twist from layer to layer. The polarizing direction varies along the twist 
whereas the tilt angle with respect to the normal remains constant.  
Bent-core or banana LCs (BCLCs) are so named because there is a bend in the 
shape of the mesogen as shown in Figure 1.4c. Niori et al.65 were the first to discover 
unique polar order formation in BCLCs and since then a variety of mesophases were 
discovered in these materials and were named as B1-B8 depending upon the sequence in 
which they were discovered. The advancements in the field of synthesis and 
characterization of phase structures of BCLCs was recently published in a review article 
by Reddy and Tschierske.66-72 Like calamatic LCs, BCLCs also undergo self assembly 
and form different LC phases but the uniqueness of BCLCs compared to linear mesogens 
is the additional complexity they impart to the LC phase due to the unique bent shape.66 
For example, BCLCs possess a dipole moment in the direction perpendicular to the 
molecular axis and their unique shape facilitates their efficient packing. When these 
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molecules, possessing a dipole moment, are packed into SmA layers, polarization of the 
layers can be achieved (denoted as SmAP where P stands for polar order) as shown in 
Figure1.4c. If the direction of polarization alternates between layers, it leads to anti-
ferroelectric (AF) behavior whereas uniform polarization between layers leads to 
ferroelectric (F) behavior in the material. These two states can be switched by applying 
external field such as electric field. When the bent core molecules are tilted with respect 
to the Sm layer normal, SmCP (SmC denotes the mesogens are tilted and P denotes polar 
order) LC phases are obtained. Three directions can be defined in these SmCP phases: the 
molecular axis, n; polarization axis, P; and the normal to the plane of the molecule, m as 
shown in Figure 1.5. In addition to F and AF states, SmCP phases are characterized by 
the direction of tilt in adjacent layers. Synclinic (S) and anticlinic (A) tilt notations are 
used to represent similar and opposite tilt directions respectively in adjacent layers. The 
possible SmCP LC phase (also known as B2 phase) structures are shown in Figure 1.5 
where the letter after C represents the tilt direction (S and A) and the letter after P 
represents the net polar order (only A for AF and F). SmCP materials exhibit chirality 
(defined as superstructural chirality by Reddy and Tschierske) although the mesogens are 
achiral in nature.66 As shown in the figure, switching between AF and F states occurs by 
the rotation of the mesogens around a cone defined by the tilt of the mesogen, which 
results in a change in the direction of tilt. The chirality of the layers (indicated in blue and 
pink in the figure) is maintained due to the switching around the cone. Research in the 
field of SmCP LC phases has gained a lot of momentum in the recent years due to the 
wide variety of orientations and ordering achievable in these systems.  
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Figure 1.5. Schematic representation of the BCLC mesogens and their different 
chiral states. 
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1.1.3.2. Liquid crystalline polymers 
Polymeric liquid crystals or liquid crystalline polymers (LCPs) are achieved by 
incorporating mesogens into polymer chains. Within an LCP, the rigid mesogen units 
may be present along the main chain (main-chain LCPs, MCLCPs) or as pendant groups 
attached to the side (side-chain LCPs, SCLCPs) using soft spacers such as methylene 
units as shown in Figure 1.6a,b.73, 74 In SCLCPs, the mesogen can be attached to the 
backbone end-on or laterally. In MCLCPs, the presence of mesogens along the backbone 
imparts rigidity to the polymer chain whereas in SCLCPs the backbone is more flexible 
because the interactions with the mesogens are decoupled by the flexible spacers. This 
difference in the type of LCPs leads to differences in their properties, e.g., main-chain 
LCPs have higher modulus and transition temperatures compared to the side-chain LCPs. 
LCPs also exhibit mesophases similar to their small Mn counterparts although 
polymerization imparts better order and higher transition temperatures to LCPs. Although 
both Sm and N LC phases are observed in MCLCPs, Sm structures are more common in 
SCLCPs. The flexibility of polymer backbone facilitates packing of the mesogens into 
layers. 
Mesogen-jacketed liquid crystalline polymers (MJ-LCPs) are a unique class of 
SC-LCPs in which the mesogens are attached laterally along the polymer backbone 
without a spacer. Finkelmann et al. proposed that lateral attachment of mesogens along 
the polymer backbone restricts the rotational motion of the mesogen around its long axis 
and facilitates LC ordering. 75 By decoupling the mesogens and the backbone using 
spacers, LC ordering can be achieved in laterally attached LCPs although the backbone 
adopts a statistical chain conformation. Zhou et al. synthesized a new class of SC-LCPs, 
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called MJ-LCPs, in which the mesogens are laterally attached to the polymer backbone 
but without any (or very short) spacers (Figure 1.6c).64, 76, 77 In MJ-LCPs, the size of the 
mesogen is larger than the backbone repeat unit. In such a situation, packing of the 
mesogens is achieved by forcing the backbone to adopt an extended chain conformation 
due to steric hindrance of the mesogens. This also requires the orientation of the 
mesogens parallel to one another (almost perpendicular to the backbone) and around the 
backbone thus forming a “jacketed” structure. Thus macromolecular columns, with 
characteristic rigid rod-like structure, are formed where the polymer backbone forms the 
axis of the rod (Figure 1.6c). Additionally, since the mesogens are attached to their 
“gravity centers”, the motions of the backbone were expected to have the least effect on 
the mesogen orientation and this decoupling was achieved without using spacers. N LC 
phase structures were observed by Zhou et al. both in monomers and polymers of 2,5-
bis(p-methoxybenzoyl)oxy)styrene based MJ-LCP system.64, 76, 77 Using a variety of 
experimental techniques, a number of investigations were conducted to elucidate the rigid 
macromolecular columnar structure of MJ-LCPs. Thermal analysis showed that the Tg of 
MJ-LCPs based on poly(acrylate) and poly(methacrylate) backbones was higher than the 
corresponding homopolymers indicating the rigidity of the polymer.77 The rigidity of the 
polymers (and hence its low mobility) also resulted in peak broadening in NMR 
experiments compared to the sharp peaks obtained for monomers.78 Crystallization was 
also not observed in these samples, which can be attributed to the steric hindrance of the 
mesogens that prevents an order structure formation. Using light scattering experiments, 
the persistence length of MJ-LCPs was found to be much higher (~11.5-13.5nm for 
PMPCS) than that of flexible coils (~1nm) using light scattering.79 
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Figure 1.6. Molecular architecture of a) main chain and b) side chain and c) 
mesogen-jacketed liquid crystalline polymers.73,74,64 
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The structural anisotropy of the rigid rods was studied using SANS by Hardouin et al. in 
a polysiloxane based MJ-LCP system of a 50 wt.% deuterated blend.80 In the N phase, the 
sample was placed in a strong magnetic field such that the N director orients parallel to 
the magnetic field. The Rg of the polymer was measured from the scattering results with 
the neutron beam parallel and perpendicular to the magnetic field. The authors report 
high anisotropy in the polymer dimensions parallel and perpendicular to the magnetic 
field. These results substantiated the anisotropic macromolecular columnar structure 
proposed by Zhou et al. Pugh et al. studied the phase behavior of MJ-LCPs based on 
norbornene derivatives and also observed N LC behavior.81 In all the samples 
investigated, the authors observed only N phase irrespective of length of the spacer and 
Mn (DP > 25) due to the predominant jacketing effect. PLM was also used to monitor the 
LC texture in-situ as a function of temperature.82 A common feature observed under the 
PLM in sheared MJ-LCPs is the appearance of bands perpendicular to the shear direction. 
When a MJ-LCP is subjected to mechanical shear, the polymer backbone aligns parallel 
to the shear direction. As the shearing force is removed, the elastic force facilitates the 
relaxation of the polymer backbone whereas the rigid mesogens resist such relaxation. As 
a result, the system adopts a compromising zig-zag conformation that appears as a 
banded texture under PLM. The formation of banded texture is also an indication of the 
chain rigidity in the system. Using polarized IR dichroism experiments on sheared 
samples, measurements of the ratio of absorbance in the shear and lateral directions of the 
sample was performed. The authors associated the value of this ratio to the π and σ 
stretching bands in the main chain and mesogen. Accordingly, they concluded that the 
polymer backbone was parallel to the shear direction and mesogens were oriented almost 
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perpendicular to the backbone. WAXD is another powerful tool that was used in the 
evaluation of the macromolecular columnar structure of MJ-LCPs.78 When sheared MJ-
LCPs based on the 2,5-bis(p-methoxybenzoyl)oxy)styrene mesogen were subjected to 
WAXD with the X-ray beam perpendicular to the shear direction, two characteristic arcs 
were always observed in the low angle (2θ~5.9°) and wide angle (2θ~21°) regions using 
a 2D detector. The low angle peaks were located along the equator and the wide angle 
scatterings were along the meridian. Based on the macromolecular rod model and the 
shear geometry, the low angle diffractions were attributed to inter-columnar distance and 
since the d-spacing is smaller than the length of an extended chain conformation of the 
mesogen, it was concluded that the mesogens were not exactly perpendicular to the 
polymer backbone but were tilted. The wide angle halo was attributed to the inter-
mesogen interactions and their location along the meridian indicated that the mesogen 
orientation is almost at right angles to the macromolecular column orientation. Thus 
ample experimental evidence confirmed the macromolecular columnar nature of this 
unique class of LCPs called the MJ-LCPs.  
The unique characteristic of MJ-LCPs is that they form columnar (Φ) LC phases, 
which are characteristic of discotic LCs. In MJ-LCPs, one would expect the Φ LC phase 
to be mostly N due to the restricted mobility of the mesogens. However, Pugh et al. 
observed Sm LC phases by introducing fluorocarbon tails along the mesogens.83 Sm LC 
ordering was attributed to the phase segregation of hydrocarbon and fluorocarbon chains 
leading to the formation of SmA and SmC LC phases. A number of MJ-LCP systems 
were synthesized with varying chemistries.84-91 ΦH LC phase was observed in poly(di(4-
heptyl)vinylterephthalate) MJ-LCP where the backbone adopted a helical conformation 
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and the side groups were tilted with respect to the ab-plane.88 SmC phase was observed 
by Pugh et al. in polynorbornene based MJ-LCPs where the LC phase transformed into 
SmAÆNÆI phases as a function of temperature.89 Poly(2,5-bis((4-
methoxyphenyl)oxycarbonyl)styrene) based MJ-LCPs synthesized using atom transfer 
radical polymerization (ATRP) by Zhou et al. resulted in samples with good control over 
Mn and PDI. A phase diagram was constructed based on their observations where the 
authors concluded that Mn of at least 10,000 g/mol is required for the sample to exhibit 
LC behavior.92 This is because minimum shape anisotropy (aspect ratio) is necessary for 
the system to stabilize the organization of macromolecular columns. They identified two 
types of LC behavior in this series of samples: ΦN and ΦHN (hexatic columnar nematic, 
Mn > 16,000g/mol). 
 
1.1.3.3. Liquid crystalline block copolymers 
LCBCPs are formed by introducing LCPs into BCPs and since LC ordering 
occurs at 1-10nm length scale which is an order of magnitude smaller than the 
dimensions of ordered nanostructures formed due to BCP microphase separation (10-
100nm), LCBCPs exhibit hierarchical structures with characteristic self-organization at 
multiple length scales. The overall phase behavior of LCBCPs is influenced by two 
competing interactions: BCP microphase separation and LC ordering. This results in 
unique phase structures (not attainable in coil-coil BCP systems) depending upon which 
of the two interactions dominates. In an LCBCP, the mesogens can be associated with the 
LC block of the BCP using either covalent or non-covalent interactions.73, 74, 93, 94 Using 
MCLCPs or SCLCPs as one of the combining blocks in a BCP results in covalently 
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bonded LCBCPs whereas non-covalently bonded LCBCPs consist of introducing the 
mesogen into the BCPs using weaker secondary interactions such as hydrogen bonding, 
ionic interactions etc.  These two types of LCBCPs differ in the degree of rigidity of the 
LC block. Covalent bonding imparts more rigidity compared to the non-covalent 
interactions and within the covalently bonded systems, MCLCPs possess more rigidity 
compared to SCLCPs. The term “rod-coil” (RC) is often used to describe these systems 
and it emphasizes the difference in flexibility between the rigid LC block and the flexible 
coil block in a covalent LCBCP system. The increased rigidity contrast results in well 
defined BCP nanodomains even in low Mn systems. Consequently, the LCBCP ODT 
occurs at a lower value of χN (higher temperature) compared to coil-coil systems. 
LCBCPs are a very promising system both from a technological and scientific point of 
view. Due to the different length scales of ordering, hierarchy in ordered structures can be 
obtained and by incorporating various functionalities within each of the blocks, different 
functionalities can be achieved at different length scales. From a scientific point of view, 
phase behavior of these systems will be different compared to a coil-coil BCP system 
because LCs are rigid and characterized by preferential orientation of the director. Novel 
self assembling materials with complex phase structures are possible due to the 
competition between BCP microphase separation and LC ordering.  
The thermodynamic phase behavior of coil-coil BCPs is characterized by the 
parameters f and χN. However, in RCBCPs, along with f and χN, additional parameters 
were required to account for the influence of the degree of asymmetry between the two 
blocks on the free energy and the resulting microphase separated structures.95, 96 
Theoretical calculations have shown that one of these parameters is the parameter ν 
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which is the ratio between the coil Rg and the rod length. The term ν accounts for the 
difference in scaling behavior of the two blocks because their aspect ratio varies 
differently with Mn. For a coil, an increase in the Mn increases its interfacial area (Acoil) at 
the IMDS, whereas in a rod an increase in Mn increases its length while Arod remains 
constant. This induces instability at the interface and it must be taken into account in 
mapping RCBCP phase behavior. The second additional parameter is μN (Maier-Saupe 
interaction parameter) and it is a measure of the degree of orientational order that arises 
due to the rod-rod interactions. μ is the strength of the orientational interactions that favor 
the alignment of rods and it varies inversely with temperature.96 
1.1.4. Phase behavior of LCBCPs with covalent interactions: RCBCPs 
A number of research groups reported unique phase behavior in RCBCPs based 
on both theoretical calculations and experimental observations. Conventional BCP 
morphologies such as S, C, G and L were observed in low Mn oligomeric rod systems.97-
102 With an increase in Mn and frod, the rod-rod interactions became stronger resulting in 
the suppression of morphologies with curved interfaces (G, C and S). Structures with flat 
interfaces became more predominant. Using SCFT, morphologies such as striped and 
hockey-puck shapes were calculated in the coil-rich samples whereas rod-rich samples 
exhibited zig-zag L and arrow-head structures.96 Within these unique morphologies, 
depending upon the orientation of the rod blocks, N, SmA, SmC and bilayered phases 
were theoretically calculated using free energy calculations in the SSL.18, 103-107 The WSL 
morphologies were predicted based on fcoil where samples with high fcoil transformed to 
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Figure 1.7. Theoretical phase diagram of RCBCPs (f represents volume fraction of 
the coil) with a) ν=0.15 b) ν=0.25.96 c) Double hexagonal hierarchical structure109,110  
and d) hockey puck shaped aggregates.111 
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microphase separated structures (from an isotropic phase) while at low fcoil, they 
transformed into N phase.108 Figure 1.7a,b shows the phase diagram of RCBCPs 
developed using SCFT approach by Pryamitsyn et al.96 Experimental observations 
corroborated theoretically calculated phase behavior. A variety of molecules that possess 
inherent rigidity were used as the rod block to synthesize RCBCPs. Both polymers and 
oligomers were used as the rod block. The rod block, of most of the RCBCP systems 
reported, consists of molecules that are either helical rods, mesogenic rods or conjugated 
rods.  
Synthetic polypeptides adopt conformations that form α-helices and β-sheets that 
are inherently rigid in nature. A unique double hexagonal structure (Figure 1.7c) was 
observed by Klok et al. who investigated the phase behavior of oligopeptide based 
diblock oligomers of oligostyrene (St.) (with degree of polymerization (DP) of 10) and 
oligo(γ-benzyl-L-glutamate) (OBLG) (DP = 10 and 20) .109, 110 OBLG predominantly 
possesses α-helical conformation in the sample with 20 repeating units. The RCBCPs 
form hexagonally close packed C spaced 4.3nm apart. Within these larger C, the helical 
rods are arranged forming a hexagonal close packed C lattice with 1.6nm spacing. The 
smaller peptide C were oriented with their C long axis perpendicular to the axis of the 
larger C. Increasing the asymmetry by increasing fcoil leads to the formation of unique 
hockey-puck shaped aggregates as observed in an oligomeric hepta(p-benzamide)-b-
poly(ethylene glycol) system (DProd = 6 and DPcoil = 110 and 45) by Schleuss et al. 
(Figure 1.7d).111 These hockey-puck shaped aggregates were enclosed in spherical 
micelles of diameter 35nm and were similar to the theoretical puck shaped aggregates 
proposed by Williams et al. and Ganesan et al.96, 107 The core of the spherical micelles 
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consists of puck shaped aggregates (10nm × 4.4nm × 2nm) surrounded by PEG corona. 
Based on the results obtained from scanning probe microscopy (SPM) and dynamic light 
scattering, the authors proposed that the core contains bilayer aramide molecules that are 
stabilized by intramolecular hydrogen bonding and π-π interactions. The uniformity in 
diameter of the PEG corona, although the core is anisotropic, implies that PEG coils near 
the core stretch in order to fill the space and the ones away from the core are more coil 
like. Shorter coils (DPcoil = 45) could not form the shell around the aggregates and 
resulted in the formation of rod-like micelles. 
Using a variety of hydrophobic and hydrophilic polypeptide chemistries ((poly(γ-
benzyl-L-glutamate) (PBLG), poly(γ- L-glutamic acid) (PLGA), poly(Z-L-Lysine) 
(PZLL), poly(N-trifluoroacetyl-L-Lysine) (PNTLL) and poly(hydroxyethyl-L-glytamine) 
(PHLG)) as rod blocks and PS, PB and polysarcosine as coil block, Gallot et al. 
investigated the phase behavior of these RCBCPs both in solution and melt.112, 113 Seven 
different phase structures were reported in these systems based on the orientation of the 
rods although Sm and N phases were predominant. All the BCP systems demonstrated 
the remarkable preference of the L phases in RCBCPs. In L forming RCBCP sample, the 
α-helical rods were arranged perpendicular to the IMDS and possess hexagonal in-plane 
symmetry. Based on layer thickness and extended chain length of the helices, it was 
observed that the helices generally adopted a folded chain conformation (Figure 1.8a). 
Folded conformation imparts more interfacial area for the coil block and is hence 
preferred. In general, interdigitation, tilting and folding of the rods provide more 
interfacial area to the rod blocks thereby reducing the coil stretching penalty. Hexagonal-
in-lamellar morphologies were also observed in rod-coil-rod triblock samples where PB 
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and polysarcosine formed the coil block and PBLG, PNTLL and PHLG formed the rod 
block. However, in these samples, within the Sm layers the helical rods were tilted at an 
angle with respect to the layer normal and the tilt angle increased as fcoil increased (Figure 
1.8b). These tilted rods were however, still arranged in a hexagonal lattice with the same 
lattice constant although the thickness of the rod layer decreased as the tilt angle 
increased. Theoretical calculations of Semenov et al. showed predominantly N, SmA and 
SmC structures in their model RCBCP system.105 Halperin’s theoretical prediction 
showed tilting of the Sm layers with an increase in the fcoil in order to offer more 
interfacial area to the coil to reduce the coil stretching penalty and is in agreement with 
the experimental observation of Gallot et al.114, 115 While the influence of fcoil on the 
overall morphology was investigated by Gallot and coworkers, Losik et al. reported the 
influence of solvent (dimethyl formamide, DMF) on the conformation of the 
polypeptide.116 In polypeptide based RCBCPs with PBLG and PZLL as the rod block, 
with constant fcoil (PS DP=52) and DP PBLG = 104 and PZLL = 111, they observed 
hexagonal-in-L hierarchical structures. Within the rod blocks PZLL adopted a fully 
stretched helical conformation whereas PBLG formed helices that were twice folded. 
This folding effect was attributed to the ability of the solvent (DMF) to penetrate the 
PBLG and soften the helical backbone by reducing the hydrogen bond interactions. This 
also led to a decrease in the order of the hexagonal lattice in PBLG rods. PDI of the 
system also influences the BCP structures. Schlaad et al. also investigated the effect of 
variation in PDI on the interface using PZZL based RCBCPs.117 In this system, 
hexagonally packed polypeptide α-helices were observed in zig-zag L morphology where 
the main axis of the helix is oriented perpendicular to the BCP interface. The zig-zag 
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Figure 1.8. Schematic representation of the phase structure of poly(vinyl-b-peptide) 
BCPs: a) folded chain and b) tilted layered morphology.112,113 c) Zig-zag lamellae 
and d) arrow head morphologies of PS-b-PHIC.103,104,106 
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nature of the BCP L was due to the kinks that are formed due to the fractionation of 
helical rods according to their length. Samples with large PDI had relatively planar 
interface between the kinks and were characterized by less number of kinks per unit 
volume whereas samples with narrow and moderate PDI (1.01-1.27) exhibited a higher 
number of kinks. Although the polypeptide systems form good rod blocks, they exhibit 
different configurations of the molecules (α-helices, β-sheets) and are also observed to 
undergo folding, which makes interpretation of their phase behavior difficult.  
Using poly(hexyl isocyanate) (PHIC), which possesses only stiff helical rod 
(persistence length ~ 50nm-60nm) conformation, as the rod block and PS as the coil very 
unique phase structures were reported by Ober and Thomas groups.103, 104, 106 A series of 
samples of PS-b-PHIC RCBCP system with Mw varying from 70,000-1,800,000 g/mol 
and frod = 0.42-0.98 were investigated and unique morphologies such as wavy L 
(lenticular aggregates), zig-zag L and arrow-head shaped domains were observed. A 
sample with fPHIC = 0.42 showed lenticular aggregate structures and at fPHIC = 0.73-0.90 
the samples displayed alternating layers of PS and PHIC arranged in a unique zig-zag 
manner (Figure 1.8c). Within the PHIC domains, the rods were arranged forming a long 
range Sm order. Based on the Mn and d-spacing calculations they concluded that the Sm 
layers are interdigitated. The PHIC rods are tilted with respect to the interface thus 
forming SmC LC phase and the angle of tilt increased with an increase in fcoil. At very 
high concentrations of the rods (frod=0.98), the system exhibited an arrow-head shaped PS 
morphology with a flip in the orientation of the head by 180° in every alternative layer 
(Figure 1.8d). At high frod, the domain spacing of the coil was smaller than the Rg of PS, 
leading to the formation of inhomogeneous Sm monolayer phase termed as SmO (similar 
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to the small molecule LCs where the orientation of director flips between layers). In a 
RCBCP of poly(styrene-b-(3-(triethoxysilyl)propyl isocyanate)) (PS-b-PIC) (DPPS ~ 
1900 and DPPIC ~ 100) and with fPS=0.9, Park et al. observed anisotropic nanoscale 
objects in the shape of parallelograms that form Sm ordering in solution cast films.118 
Using theoretical calculations it was shown that these parallelograms, with a side of at 
least 45nm, had a tilted bilayer arrangement of the PIC rods. The authors propose that 
interdigitation of the rods is also possible. Within these nanoobjects, the PIC rods are 
oriented uniaxially and these nanoobjects have a 25-45° angle between the sides. 
Rods made of mesogenic molecules also possess inherent rigidity as a result of 
their molecular chemistry. A lot of interesting morphologies were observed in RCBCPs 
containing mesogenic rods although most of the mesogens were based on low Mn 
molecules. Stupp’s group investigated the phase structures in mesogenic oligomers 
(formed by attaching an azo dye to a rigid biphenyl carboxylic acid) of length 6nm 
attached to flexible polyisoprene (Mw=3,200g/mol). Good control over the polydispersity 
of the rod molecule allowed the researchers to explore the subtle competition between the 
microphase separation and LC ordering processes by altering the chemistry and Mn of the 
molecules.119-123 At frod = 0.36, the rigid mesogenic rods formed stripes arranged in layers 
inside the PI matrix. At similar f values, hexagonally close packed C morphologies are 
observed in coil-coil systems. In the present RCBCP case, although the stripes possess a 
hexagonal symmetry, the nature of the orientation of the rods within the stripes was not 
clear (Figure 1.9a). Qualitatively, these stripe-like patterns are similar to the broken L 
phases as reported in the numerical calculations by Ganesan et al.96 As the frod decreased 
to 0.25, the morphology transformed from stripes into super lattice aggregates (7nm in 
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Figure 1.9. Schematic representation of a) stripes and b) super-lattice aggregates of 
low Mn mesogenic units. c) Mushroom shaped aggregates. 119-123 
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diameter) that are oriented parallel to the substrate (Figure 1.9b). These aggregates are 
arranged with hexagonal in-plane symmetry in a PI matrix. Theoretical calculations by 
Fredrickson et al. and Ganesan et al. also showed similar puck-like morphologies.96, 107 
The authors claim that the observation of a hexagonally packed lattice at such highly 
asymmetric f suggests the non-uniformity in distribution of the coronal coils around the 
core. The coils grafted to the edge of the core adopt a radial conformation whereas the 
ones at the center are more elongated. The authors suggest that this resulted in non-
uniformity in space filling that manifests in the distortion of an otherwise BCC lattice. In 
a triblock RC architecture with oligostyrene and oligoisoprene coils and three biphenyl 
units as rods, Radzilowski et al. reported unique mushroom-shaped nanostructures where 
an aggregated packet of rods form the stem and the oligomeric coils splay forming the 
head of the mushroom. ~100 rod molecules aggregate into a mushroom (the size is 
limited by the repulsive interactions of the oligomers coils that form the head of the 
mushroom) (Figure 1.9c). These mushrooms further stack to form a layered structure. 
The rods orient normal to the substrate leading to self organized films with polar and 
non-polar bottom and top surfaces. Keeping the length of the rod constant, the authors 
observed a disruption of the layered structures with an increase in the fcoil due to the steric 
repulsions between the bulky coils; whereas keeping the fcoil constant and increasing the 
length of the rods resulted in stabilization of mushrooms. Introducing a bulky dendritic 
wedge at the end of the rods increased the steric hindrance of the packing of the 
mushrooms and the morphology was completely altered resulting in ribbon-shaped 
structures of width 10nm and thickness 2nm.  
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Lee et al. systematically varied the chemical structure of the rod and coil blocks 
and reported very interesting phase behavior in a rod-coil oligomeric system where the 
rod units are made of mesogens.97-100, 102, 124 LC ordering was predominant in longer rods 
(two biphenyl units) compared to smaller rods (single biphenyl unit) due to the increased 
lateral interactions between the rods (keeping the coil segment constant) and leading to 
the formation of L structures. The rod domains transform into hexagonal columns as fcoil 
increased. This transformation can also be brought about by keeping the fcoil constant and 
changing the coil chemistry from PEO to PPO due to more space requirements of the 
bulkier PPO coil. In a system with PPO as the coil block and the rod made of two 
biphenyl units with constant length of the rod block, the authors observed SmA and SmC 
structures of the rods at symmetric fcoil, forming layered structures. An isotropic 
bicontinuous cubic phase and hexagonally closed packed C of the rods were observed 
with an increase in the asymmetry (fcoil) (Figure 1.10a,b). Within the minority domains, 
the rods formed aggregates with square cross-section. Further increase in fcoil led to the 
formation of discrete spherical micellar structures. In all these phases, the rods in the 
minority blocks possess a bilayered Sm structure. A slight increase in the rod length by 
using an extra phenyl linkage showed remarkably different phase structures stabilized by 
improved LC ordering. Unique honey-comb like layered structures, where PPO formed 
perforations of 6.5nm arranged 10nm apart with hexagonal in-plane symmetry (Figure 
1.10c). Furthermore, attaching PPO coils on either end of the rod resulted in the 
formation of oblate shaped aggregates arranged in a body centered tetragonal (T) lattice 
(Figure 1.10d). Based on X-ray scattering data, the authors calculated 84 molecules per 
aggregate in the T packed structure (diameter 5nm and length 3nm). Based on theoretical 
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Figure 1.10. Schematic representation of a) bicontinuous cubic phase, b) hexagonally 
closed packed C, c) layered honeycomb and d) oblate structures arranged in body-
centered tetragonal lattice observed in rod-coil oligomeric system by Lee et al.97-
100,102,124  
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calculations, the authors propose that the oblate shape of the aggregates is responsible for 
the unique T arrangement as this structure imparts maximum packing density to the 
system. Further increasing the length of the rod by introducing a phenyl group into the 
molecule resulted in a hexagonally ordered mesophase that transformed into a T micellar  
phase only at high temperatures. Further increasing the length of the rod completely 
suppressed the formation of the T phase and resulted in L morphologies with in-plane 
hexagonal symmetry in the rod block. The strong effect of coil stretching penalty was 
demonstrated by increasing the grafting density of polymer chains per interface. This was 
achieved by serial combination of (rod-coil)n units with varying n values. In bulk, when 
n=1, L crystalline structures were observed and when n=2 and n=3, the morphology 
changed to 2D rectangular crystalline and hexagonal columnar structures respectively. As 
n increased, the grafting density per interface increased and this resulted in the 
transformation of sheet like rod domains into individual aggregates arranged in a 2D 
lattices so as to reduce the stretching penalty of the coils.  
Rod blocks made up of conjugated molecules have also been used to form 
RCBCPs. Conjugated molecules consist of rigid cores that impart LC character to the 
molecule. Aggregation of these molecules to form LC phases helps in orientation of the 
delocalized π electrons making them ideal candidates for photonic and electronic 
applications. Organizing these materials into ordered macroscopic structures is necessary 
to exploit their properties in the bulk. RCBCPs formed by π conjugated oligomers and 
polymers (like oligo- or poly- p-phenylenevinylene (PV), (p-phenylene) (PP), thiophenes, 
phenyl quinolines (PQ), phenylene ethynylene (PhE)) thus led to the formation of 
materials with structural and functional hierarchy. PPP and PPV have potential 
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applications as components in light emitting diodes (LEDs) or solid state light emitting 
cells (SECs), photovoltaic cells etc.125, 126 Using these polymers as rod blocks in an 
RCBCP led to improvement of their properties compared to the homopolymers due to 
enhanced ordering.127 
Using low Mw oligo PV as the rod block and PI as the coil block with varying wrod 
(weight fraction of rod, 0.12–0.4), Li et al. reported L morphologies with bilayered 
supramolecular structures within the OPV block.128 Introducing amphiphilic nature to 
these BCPs by using PEG instead of PI, Wang et al. observed long cylindrical micelles 
(15-18nm core diameter) with OPV core formed in water/THF solvents and in thin 
films.129 Further changing the coil to hydrophobic PPG led to the formation of well 
oriented fiber patterns on mica substrate.130 The orientation of these fibers was attributed 
to the interactions between the coils and the substrate where longer coils led to better 
oriented fibers. 
In PS-b-PPQ system Jenekhe et al. reported unique supramolecular phase 
structures such as hollow S, L, hollow C, vesicles etc. depending upon the type of solvent 
used and the rate of solvent evaporation (Figure 1.11a).131-133 By changing the type of 
solvent, they were able to obtained hollow hard spheres (rod core) and hollow soft 
spheres (coil core). At a macro level, the hard spheres undergo self organization to form 
2D hexagonally ordered arrays of spherical holes formed due to the condensation of the 
solvent during annealing. The nano hollow spheres were also used to encapsulate 
molecules such as fullerenes.134 Sary et al. explored the relationship between χ and μ in 
P4VP-b-PV RCBCP system.135, 136 The ratio μ/χ determined whether the LC ordering or 
microphase separation dominated the overall morphology. In their system (χN > 15-20 
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and μ/χ < 4), Sary et al. observed the domination of the microphase separation and the 
PPV rods were confined into L, C and S domains. However, the C and S domains were 
highly distorted and exhibited poor long range order. Within the L, annealed PPV 
domains showed SmC2 (bilayered SmC) phase with a tilt angle of ~52°. This SmC2-in-L 
transformed into L which further transformed into isotropic phase with increase in 
temperature. In the PPV hexagonal C structure, the molecules were arranged radially, 
perpendicular to the C axis. In a PS-b-PPV RCBCP with frod=0.17 which forms 
homogeneous isotropic structures, blending with PPV homopolymers resulted in the 
formation of SmC2 structures due to the π- π conjugation between the homopolymer PPV 
and the rod block of the RCBCP (Figure 1.11b).135 These rods were tilted at an angle of 
54° with respect to the layer normal. Blending of up to 50 wt.% PPV did not result in any 
macrophase separation. They attribute the increase in the Sm ordering upon blending to 
the increased rod-rod interactions. By attaching a cyano substituted PV chromophore 
segment to the rod segment of their mushroom forming oligomeric sytem, Stupp et al. 
observed the fluorescent properties of the molecules.137 The observation of strong polar 
ordering in layered mushroom structures of ~5nm diameter after conjugating indicates 
the high thermodynamic stability of the mushroom structures. Strong photoluminescence 
and piezoelectric behavior and mechanical adhesion were reported in these conjugated 
molecules.  
Segalman et al. studied the room temperature and high temperature phase 
behavior of weakly segregated PI-b-PPV (alkoxyphenylene vinylene) RCBCP system 
consisting of PPV rods and PI coils with varying fcoil (0.42-89) but constant PPV rod 
length (Mn PPV = 3,545 g/mol).138, 139 All the samples exhibited L phases at low 
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Figure 1. 11. Schematic representation of a) hollow sphere structures formed by PS-
b-PPQ,131-133 b) SmC2-in-L hierarchical structure in PS-b-PPV system.135,136 Phase 
diagram developed from experimental observations of PPV-b-PI system in the c) 
weakly segregated138 and d) moderately segregated samples.140 
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temperatures. However, with an increase in temperature, all the samples (except the 
sample with highest fcoil which is isotropic throughout the temperature range) transformed 
into N phase that further transformed into an isotropic phase. Using a combination of X-
ray and light scattering, optical and electron microscopy results, the authors developed an  
experimental phase diagram for the weakly segregated system, which is shown in Figure 
1.11c. The width of the N phase region in the phase diagram increases with increase in 
the frod. Within the PPV domains, the rods could be arranged either in monolayers or 
tilted bilayers. However, they did not observe either the hockey puck morphology at high 
fcoil or the zig-zag structures at high frod. The authors claim that a higher aspect ratio is 
required for the formation of puck shaped morphologies. Accordingly, greater aspect 
ratio leads to greater elastic energy of bending which in turn induces greater coil 
stretching and the puck formation is a way of reducing this chain stretching. The high 
temperature phase behavior of these systems follows the trend: low fcoil L Æ N Æ 
Isotropic and high fcoil L Æ Isotropic. 
The same research group also reported the phase behavior of PPV-b-PI system 
with higher Mw PPV (5,600 g/mol) with increased geometrical asymmetry between the 
rod and coil blocks.140 The increase in Mw resulted in moderately segregated BCP system 
compared to their previous weakly segregated system (Mn PPV = 3,545 g/mol). Keeping 
the PPV length constant, the authors reported the phase structures of a series of sample 
with varying fcoil (0.31-0.91). At moderate fcoil, the authors observed L phases, however, 
increasing the fcoil to 0.81 led to the formation of PPV nanodomains packed in a 
hexagonal lattice. PPV rods inside these domains do not possess any preferred orientation 
with respect to the interface. These nanodomains had rectangular interfaces (~32nm wide 
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and ~12nm thick) corresponding to a packing of ~1000 rods per cluster. The packing of 
the rods improved as the frod increased. The sample with fcoil=0.81 is considered as the 
boundary between the transition from L to hexagonally close packed aggregate structure 
(H). Faster quenching from melt resulted in the retention of these H aggregates, which 
were stable at low temperatures, whereas slower annealing below the ODT resulted in 
OOT into L phase. Since entropic factors of coil stretching prefer H phase compared to L 
phase, the OOT into L phases suggested that in these samples the rod orientation 
dominates the BCP microphase separation leading to L phase formation. The H phase is 
present only at higher fcoil. The authors proposed that within the L phases, the rods are 
oriented perpendicular to the L interface. Heating the samples resulted in N phase before 
isotropization in all the samples, irrespective of the fcoil. This is different from their 
observation of absence of N phase at high fcoil in weakly segregated samples and is 
attributed to the increase in the rod-rod interactions due to higher Mw. Based on their 
experimental observations, Segalman et al. developed a phase diagram for the PPV-b-PI 
system in the moderate segregation limit as shown in Figure 1.11d. L phases dominated 
the phase diagram at low and moderate fcoil and at high fcoil the H phase was observed. 
Increase in PPV Mw led to the formation of N phase in all the samples irrespective of the 
fcoil. 
 
1.1.5. Phase behavior of LCBCPs with covalent interactions: Side-chain liquid crystalline 
block copolymers (SC-LCBCPs) 
 
SC-LCBCPs were achieved by introducing SCLCPs as one of the blocks in a 
BCP. Decoupling the strong influence of the mesogens on the polymer backbone showed 
a remarkable influence on their phase behavior. Two striking differences were obvious in 
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SC-LCBCPs compared to RCBCPs. First, conventional phase structures (similar to those 
observed in the coil-coil systems) such as S and C were observed in high Mn systems and 
second, there was remarkable improvement in the LC ordering due to the spacers that 
decouple the backbone and mesogen conformations. This decoupling effect not only 
reduced the “rod-like” effect of the LC block but also contributed to a better 
understanding of the mutual interplay between LC ordering and microphase separation 
processes. Furthermore in SC-LCBCPs, since the mesogen possesses more flexibility, it 
can adopt a favorable orientation with respect to the IMDS.74, 93, 94, 113 Homogeneous or 
homeotropic anchoring is possible depending upon whether the mesogen is oriented 
parallel or perpendicular to the IMDS respectively.141 The influence of the length of the 
spacers in determining the homogeneous or homeotropic anchoring of mesogens with 
respect to the BCP interface has also been studied (Figure 1.12a,b).141 These orientations 
of the mesogens in turn influence the orientation of the Sm layers. 
  A variety of SC-LCBCP systems were investigated with cholesteryl-, biphenyl 
benzoate core-, biphenyl ester core-, fluorinated- and azobenzene-based LC mesogens 
side-attached to butadiene, methacrylate, isoprene, and siloxane based polymers and their 
phase structures have been reported. 74, 93, 94, 113, 141-153 Conventional BCP structures such 
as L, C and S were observed in these samples and the LC phase was predominantly Sm 
(both SmA and SmC) in the case of L and C forming systems whereas, N LC phases were 
observed at highly asymmetric fcoil. Shah et al. presented theoretical analysis of the phase 
behavior in SC-LCBCPs as a function of Mn, rod length and f of the blocks using SCFT 
and is shown in Figure 1.12c (Note: N in the figure represents degree of polymerization 
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Figure 1.12. a) Homeotropic and b) homogeneous anchoring of the mesogens with 
the IMDS in SC-LCPs.141 c) Theoretical phase diagram of SC-LCBCPs developed 
by Shah et al.154 
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and not N LC phase).154 They observed that the segregation strength for microphase 
separation is much smaller than that for I to N (nematic) LC transition (in the figure, 
(χ1N)C < (χ1N)I-N) indicating that  microphase separated structures are necessary to obtain 
ordered LC phases. C of coil in LC matrix was observed in samples with low fcoil  in 
which the mesogen axis was parallel to the C axis. This kind of orientation was facilitated 
by the stretching of the polymer backbone away from the interface. Alternative 
arrangement of mesogens, oriented tangential to the C, would lead to defects in the 
structure. L phases were observed at symmetric f values where the mesogens were 
aligned parallel to the IMDS. Compared to the coil-coil phase diagram, theoretical SC-
LCBCP phase diagram is asymmetric. At higher fcoil, C of the LC phase, with the 
mesogens aligned parallel to the C axis was the most favored morphology. 
In a PS-b-PI system where PI is functionalized with an azobenzene based 
mesogen, Ober and Thomas et al. reported the phase behavior as a function of fPI-LC with 
morphologies including L, PS C in PI-LC matrix and PI-LC cylinders in PS matrix.141, 146 
The LC block showed a TSmA-I at 171°C. In L samples and C forming samples where PS 
is the majority phase, the authors observed PI-LC forming SmA type of LC phase with 
homogeneously anchored mesogens. In shear oriented C forming samples where PI-LC 
formed the majority phase, the authors observe a transformation of the orientation of the 
cylinders as a function of shearing temperature. When sheared in the Sm LC temperature, 
the cylinders were oriented with their long axis parallel to the neutral direction 
(perpendicular to the shear direction and in the plane of shear, also known as transverse 
orientation) and the Sm layers were oriented with their layer normal parallel to the neutral 
axis. The cylinders reoriented to adopt a parallel orientation (preferred orientation for 
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Figure 1.13. Four possible BCP and Sm layer orientations in a C-forming SC-
LCBCP.141 
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coil-coil systems) when sheared in the TI. The authors propose four different possible 
models that are possible in a C forming LCBCP system: (where the LC forms the matrix) 
parallel-transverse, perpendicular-parallel, parallel-parallel and transverse-perpendicular 
(Figure 1.13). In this notation, the first word indicates the orientation of C axis and the  
second word is the orientation of the Sm layers. Among these possible orientations, the 
transverse-perpendicular orientation is the most favorable morphology compromise 
where both the Sm layers and the cylinders are not under strain and this morphology also 
satisfies the homogeneous anchoring condition of the LCs. 
Anthamatten et al. studied the room temperature and high temperature phase 
behavior of PS-b-PMMA based SC-LCBCPs where the methacrylate contained a chiral 
biphenyl benzoate mesogen attached using six and ten carbon alkyl spacers.142, 155-157 The 
phase diagram (shown in Figure 1.14) for this system showed predominantly L phase due 
to the layered nature of the Sm LC phase. At lower fLC (<0.25), non-continuous LC S 
were observed. As fLC increased (<0.5), the morphology changed to predominantly L in 
nature. At fLC ~ 0.5, L phases coexisting with C defects and possessing HPL correlation 
were observed. At higher fLC (~0.79), the morphology was hexagonally packed PS C in 
LC matrix. In the L samples, the LC phase is predominantly SmC* at room temperature 
that transforms into a SmA* phase with an increase in temperature, especially above the 
Tg of PS. The LC Sm layer normal is perpendicular to the L normal and the mesogens 
adopt homogeneous orientation in the samples with 6-carbon spacers whereas in samples 
with 10-carbon spacers, the Sm normal is parallel to the BCP L normal and mesogens 
adopt a homeotropic orientation. An increase in the spacer length gives more flexibility to 
the mesogens so that they can adopt a homeotropic orientation. In the samples with 
50 
 
 
 
 
 
Figure 1.14. Experimental phase diagram of PS-b-PMMA based side chain liquid 
crystalline block copolymer with chiral biphenyl benzoate mesogen with a) six and 
b) ten carbon spacers.142 
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coexisting L and PL structures, the mesogens adopt a homogeneous orientation with the 
IMDS. The Sm layer normal is perpendicular to the L normal and the C axis. The authors 
claim that the conformational asymmetry associated with such morphology is the reason 
for the observation of defects in the samples. However, as the temperature increased, the  
loss of LC ordering resulted in the disappearance of the C domains and only pure L 
structures remained. Although the mesogen orientation was perpendicular to the L and C 
in the PL structure, at high fLC (= 0.79), they observed PS C in LC matrix with Sm layer 
normal parallel to the C axis.  
A number of research groups have developed phase diagrams based on several 
SC-LCBCP chemistries. In PS-b-PI SC-LCBCPs with 6-[(4-cyano-4’-
biphenyl)oxy]hexanoic acid mesogen, Lee et al. reported the phase structures as a 
function of wPS.158 They observed L, C and S morphologies in the samples. The S phase 
transformed into a LDOT to DMT to I phase with increase in temperature, similar to that 
observed in PS-b-PI coil-coil system. Fischer et al. studied the influence of BCP 
morphology on the LC behavior in a system of poly[styrene-block-2-((3-
cholesteryloxycarbonyl)oxy)ethyl methacrylate] (PS-b-PChEMA) with varying fPS (0.11-
0.78).94 In samples with fPS 0.78 and 0.11, they observed S of PChEMA and PS 
respectively whereas L and C of PS were predominant at other f. Only in samples with 
PChEMA spheres, the LC phase was N and in all other morphologies, SmA LC phase 
was observed. The Sm layer normal is perpendicular to the BCP layer normal in the L 
forming samples and to the PS C axis in the C forming samples. However, they did not 
observe PChEMA C. The authors constructed a phase diagram that consisted of L, C 
(PChEMA matrix), PS S and PChEMA S. This phase behavior is independent of the type 
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of the coil block and similar phase structures were observed in system where poly n-butyl 
methacrylate was used as the coil block. 
In a polystyrene-b-polymethacrylate (PS-b-PMA) based SC-LCBCP system 
containing (S)-2-methylbutyl 4-(4-hydroxyphenylcarbonyloxy)-biphenyl-4’-carboxylate 
mesogens with 10-carbon spacers (PDBPB), Zheng et al. reported the phase behavior of a 
sample with fLC ~ 0.59 where the BCP formed L phase and within the L, the LC formed 
SmC* phase and these SmC* layers are oriented such that their layer normal is parallel to 
the BCP layer normal.159, 160 This unique arrangement was attributed to the low Tg of 
PMA backbone. The authors claim that lower Tg gives the polymer backbone flexibility 
to backfold parallel to the interface and the longer spacers allow orientation of the 
mesogens with the layer normal perpendicular to the IMDS (Figure 1.15a). Hamley et 
al.151 reported the phase structures of a PS-b-PMMA based block copolymer with chiral 
cholesteryl mesogens with 12-carbon spacers where they also observed predominantly L 
morphologies over a large range of f. Interestingly, at highly asymmetric volume 
fractions of the LC block (fLC = 0.86), they observed PS C in LC matrix. This indicates 
that the flexibility of polymer backbone in SC-LCBCP significantly reduced the flat 
interface requirement and the domination of LCO over the MS is subdued. The LC phase 
in this SC-LCBCP system was SmA in nature. 
The competition between LC ordering and BCP microphase separation was 
reported by a number of research groups. Highly asymmetric compositions make it 
difficult to maintain Sm layer correlation between the mesogens due to the high levels of 
interfacial curvature. Transformation of LC phase from Sm to N was reported in samples 
where LC block formed S. Sanger et al. reported the influence of N phase in inducing a 
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structural transformation in a SC-LCBCP of PS-b-PB where the PB was functionalized 
with a cyano biphenyl based mesogen connected to the backbone using butyl alkyl spacer 
with fPS=0.12.161 The authors monitored the morphological transformation in the sample 
as a function of annealing temperature using a combination of TEM and X-ray scattering. 
When the samples were annealed at very high temperatures above the TI and quenched, 
they displayed PS S domains in I phase. When the samples were slowly cooled from melt 
into the N phase and then to RT, they exhibited PS C morphology. This transformation of 
the BCP morphology from BCC S to HCP C is induced by IÆN transition of the LC 
matrix. The authors suggest that S domains create more distortion of the N director so the 
transformation takes place through the coalescence of the PS spheres such that the 
mesogens were oriented parallel to the C. Although the S BCP morphology was more 
preferred in the isotropic state as it ensured the least free energy state, as the N LC phase 
was formed, the elastic energy associated with the LC molecules in S impose penalty on 
the system. In this case, the HCP structure provides lower loss of elastic free energy. 
Although L structure would ensure minimum elastic energy penalty, fPS is too low to 
allow for a flatter interface. The L to C transition was thermally reversible. 
Ivanova et al. studied the phase behavior of N phase forming PS-b-PB based 
LCBCP system where the LC block consists of cyanobiphenyl mesogens attached to PB 
with short, butyl spacers.162 They investigated samples with varying fLC from ~0.3 to 
~0.93 (total Mw 77,000-125,000 g/mol) and developed a phase diagram based on their 
observations at room temperature and a higher temperature. A wide range of the phase 
diagram is dominated by the L followed by C phase of the PS in LC matrix. Cubic 
micelles were not discernable from the X-ray results. Due to the short size of the spacer, 
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the authors observed homogeneous anchoring of the mesogens and only N LC phase. The 
strong influence of the N phase in preventing highly curved interfaces is attributed to the 
absence of S structures. 
Tokita et al.152 reported that when the LC block is in the N phase, the BCP 
cylinders and the LC director were oriented parallel to the shear direction and when the N 
phase transformed into SmA, the cylindrical axis and the LC director orientation changed 
and they were aligned parallel to the loading direction. They attribute this BCP structure 
transformation to the favorable orientation of the Sm layers parallel to the shear plane. de 
Jeu et al.149 reported the bulk and thin film phase behavior of a polymethyl methacrylate 
(PMMA) and a poly(acrylate) block copolymer having semifluorinated alkyl side chains 
that form Sm LC layers. In thin films of the C forming sample (fLC ~ 0.65), they observed 
that the Sm layers (matrix) are aligned in a favorable orientation (parallel to the substrate) 
forcing the orientation of the PMMA C axis to orient perpendicular to the substrate. 
However, in a typical coil-coil system, the preferred orientation of the cylindrical long 
axis is parallel to the substrate. They attribute this unique C orientation to the Sm layer 
formation in the system. Since the LC block is the majority, the overall BCP morphology 
is dictated by the orientation of the Sm LC layers and since the preferred orientation of 
the Sm layers is parallel to the substrate, the PMMA cylinders adopt a perpendicular 
orientation in order to be commensurate with the Sm layers.  
Verploegan et al.148 also reported the strong influence of Sm LC phase in 
dictating the overall BCP morphology. In a poly(styrene-b- poly vinyl methylsiloxane) 
based cylinder-forming SC-LCBCP system that forms Sm LC layers, PS C were oriented 
in transverse direction and the Sm layer normal was parallel to the C axis(Figure 1.15b). 
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Figure 1.15. a) Backfolding backbone gives rise to SmC* LC phase with the Sm 
layer normal perpendicular to IMDS.159,160 b) Transverse-parallel orientation 
observed by Verploegan et al.148 
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The C retained their transverse orientation even when the LC was in the isotropic phase 
although one would expect the cylinders to adopt their favorable orientation (parallel to 
the shear direction) in such a situation. The authors conclude that the LC layers possess 
residual preferential orientation even in the isotropic state. This LC orientation influence 
is so strong that it prevents the C reorientation. 
 
1.1.6. Phase behavior of LCBCPs with non-covalent interactions: H-bonded liquid 
crystalline block copolymers 
 
In recent years, research is focused on the development of BCP supramolecular 
structures (formed between BCP and a low molar mass moiety) based on non-covalent 
interactions such as ionic interactions,163-165 metal coordinate complex formation,166-168 
and hydrogen bonding.169-173  In general, these interactions between a polymer and low 
Mn surfactants led to the formation of phase separated structures in the range of 1-5nm. In 
a pioneering research, Kato and Frechet demonstrated that supramolecular LC materials 
can be obtained by intermolecular H-bonding using pyridine and carboxylic acid as 
acceptor and donor respectively (Figure 1.16a).174-176 Since then, tremendous research is 
done using polymers such as modified PAA, P4VP, polyvinyl phenol, PEO, 
polysiloxanes with benzoic acid moiety and surfactants such as phenols, aliphatic amines, 
stilbazoles, mesogenic biphenyl with a carboxylic group at one end etc. These complexes 
resulted in Sm, N phases even though the constituent molecules exhibited no LC 
behavior. Using PVP and pentadecyl phenols and carboxylic acids, Ruokilainen et al. 
demonstrated that two factors have substantial influence on the formation of these 
mesomorphic structures: first, the strength of the bonding between the polymer and the 
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surfactant and second stronger polar-non polar interactions between the two.177 By 
introducing such polymer/moiety complexes as one of the BCP blocks, hierarchical 
structure-in-structure morphologies have been achieved. These systems are also termed 
as comb-coil BCPs because the amphiphilic molecules form a comb-like architecture 
with the polymer backbone. The small Mn amphiphilic molecule behaves like a 
plasticizer or high boiling point solvent in the system. Designing supramolecular dynamic 
and functional materials based on these weaker bonds is an attractive area of research 
because of the ease with which complex architectures can be formed and deformed as 
necessary.  Using solvent extraction, the small molar mass moiety can also be dissolved, 
leading to the formation of nanoporous films.172  Deposition of metals in such nanopores 
leads to the formation of arrays of nanodots and nanowires.173 Valkama et al. studied the 
phase behavior of PS-b-PVP BCP with two interactions: first the PVP block is associated 
to 3-pentadecyl phenol using H-bond and in the second, the pyridine is protonated with 
methanesulfonic acid (MSA) and then the MSA is H-bonded to PDP.167, 168, 178-180 The 
phenol group of the PDP molecules forms H-bonds with the PVP or the protonated PVP 
and forms a supramolecular comb-like architecture. Although most of the PDP stays in 
the PVP domains, the authors reported that about 5% by weight is soluble in PS at RT. 
The authors investigated the phase structures of both the systems as a function of w 
(weight fraction) of comb and as a function of temperature using FTIR, X-ray scattering 
and TEM experiments and constructed a morphology diagram as shown in Figure 1.16b. 
Due to the hierarchy of length scales involved in the self assembly, unique structure-in-
structure architectures were observed in all the samples. BCP self-organization occurs at 
10-100nm length scale while the PDP organization occurs at 1-5nm length scale. In the 
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Figure 1.16. a) Supramolecular mesogenic materials via H-bond formation.175-177 b) 
Phase diagram showing various structure-in-structure morphologies observed in 
blends of PS-b-P4VP BCPs.178  
 
a
b
59 
 
H-bonded PS-PVP/PDP system with varying weight fractions of comb block from 0.03 to 
0.92, the authors observed L-in-S, L-in-C, L-in-HPL, L-in-L where the first letter refers 
to the morphology within the P4VP-PDP domain (1-5nm) while the second letter 
represents the overall BCP morphology (10-100nm). At T = 60°C, the authors observed 
ODT in P4VP-PDP domains due to the weakening of the H-bonds and at T = 120°C, PDP 
becomes soluble in PS. This leads to a transformation of the morphology of the system 
via OOTs. The authors report a number of such OOTs that highlight the uniqueness of 
their system as compared to a coil-coil system. This comb-coil system can be considered 
as a BCP system in the presence of a solvent. As the temperature changes, the PDP 
becomes soluble in PS thereby inducing OOTs. Similar structure-in-structure phase 
morphologies were also observed in protonated P4VP and PDP H-bonded samples at RT 
and OOTs were observed at elevated temperatures. However, above 175°C the PDP 
became completely insoluble in PVP/MSA and resulted in the formation of PVP S in all 
the samples irrespective of their initial RT composition. The authors also monitored the 
proton conductivity in this sample as a function of temperature. Above the TODT 
(100°C), 2D conductivity inside the L PVP-MSA/PDP domains led to high conductivity 
values. Above 175°C OOT occurs with the transformation of the BCP L to S structure 
and the authors observed a decrease in the conductivity. Structure based conductivity can 
thus be obtained in these systems that are also relatively easy to process compared to the 
conventional conjugated polymers such as polyanilines and poly(p-pyridine vinylene) etc.  
Sidorenko et al. studied PS-b-PVP and 2-(4’-hydroxybenzeneazo)benzoic acid 
(HABA) complexed samples where PS forms the matrix with PVP/HABA C.173 Thin 
films of ~20-100nm were prepared by dipcoating and annealing the samples. By 
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changing the annealing solvent, the orientation of the C appeared to change. Annealing in 
chloroform resulted in C lying parallel to the substrate whereas in dioxane they were 
oriented perpendicular to the substrate. The authors attribute this change in orientation to 
the H-bonding ability and segregation of the HABA molecules assisted by the solvent 
where the aggregation of HABA molecules overcomes the surface reconstruction effect 
of the substrate and leads to perpendicular orientation. Selective dissolution of HABA 
using methanol and electrodeposition of Ni led to the formation of metallic channels due 
to the interactions between Ni and reactive P4VP brushes. In a PI-b-P2VP BCP 
complexed with octyl gallate (OG), Bondzic et al. investigated the phase behavior as a 
function of the concentration of OG (x=number of octyl gallate molecules to the number 
of pyridine groups) and temperature.181 The C phase was the most predominant for 
x=0.25 and 0.5. At x=0.75, (fP2VP/OG=0.22) C transformed into L phase. At x=1 the L 
structure is maintained up to 120°C; heating above this temperature leads to a decrease in 
the L d-spacing. This decrease in the L d-spacing is related to the complete loss of H-
bonding in the sample that allows the P2VP chains to relax from a completely stretched 
position. At 150°C, the L phase transforms into a mixed structure consisting of L and C 
phases. Further heating upto 190°C leads to complete transformation of this mixed 
structure into a pure C. At x=1.2, the L thickness is high till 190°C after which a second 
L phase with smaller layer spacing appears. Interestingly, in samples containing P4VP, 
only C morphologies were predominant at all fP4VP/OG (0.16-0.25). 
One dimensional photonic band gap materials were also prepared by the same 
group using PS-b-PVP/MSA complexed with dodecyl benzene sulfonic acid (DBSA) that 
forms L-in-L structure. Using a combination of transmission and reflectance 
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measurements, the authors observed narrow and incomplete bandgap at ~460nm in these 
materials.179 This was attributed to the stretched PS and PVP chain conformations due to 
the comb-like structure formation that lead to periodicities comparable to the optical 
wave lengths (500nm). Using PS-b-PVP/MSA-PDP, the authors showed the tunability of 
L d-spacing as a function of temperature. At temperature where the PDP becomes 
dissolved in PS, they observed a switching of the photonic bandgap to lower wavelengths 
(370nm at 134°C) which can be attributed to the relaxation of the stretching in the PS and 
PVP chains. In thin films of C forming PS-b-PVP/PDP system where PS forms the 
minority C phase (fPS=0.2-0.3) with the C lying parallel to the surface, Fahmi et al. 
extracted the PDP leaving PS rods with hairy PVP chains.172, 182 Complexation of metal 
ions with the free electrons of P4VP resulted in the formation of nanowires with 
transition metals (Pd, Ag, Ni, Au) and semiconductor nanoparticles (CdSe). The 
concentration of the metallic NPs is maintained low such that the metal-polymer 
interactions are stronger than metal-metal interactions. 
Aforementioned results highlight the uniqueness and complexity of LCBCP phase 
behavior. Control over chemistry of the molecules and type of chemical interactions 
between LCs and BCPs is essential to the realization of these advanced materials. The 
numerous experimental results and theoretical calculations offer advice and act as 
guiding tools in designing more complex phase behavior with the ultimate goal of 
achieving self-assembly at multiple length scales with associated functionalities in a 
single phase material. 
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1.2. Goal of the thesis 
Based on numerous theoretical and experimental results, it is evident that 
LCBCPs offer one of the most feasible solutions to obtain nanostructures with structural 
and functional hierarchy. However, from the review of LCBCP literature two factors 
were evident: first, although rod blocks with different chemistries were synthesized, the 
molecules did not offer much variability within the system, in terms of experimentally 
controllable factors. For example, for the RCBCPs systems discussed so far, the only 
variation that can be induced in the rod molecules is change in the Mn that would increase 
or decrease rod length which in turn would either increase or decrease the aggregation of 
rods. However, these systems do not offer much control over the rod diameter or the 
surface chemistry of the rods. Second, although the rods made of mesogenic units 
exhibited very unique phase behavior, they were all low Mn oligomeric systems.97, 99, 102, 
119-121, 123 The difficulty with increasing Mn with thus far reported systems is that at high 
values of DP, the temperature at which LC phase is accessible is sometimes beyond the 
polymer degradation temperature. In an attempt to address these issues, rod molecules 
based on mesogenic units were studied in this thesis project and were designed so as to be 
able to achieve high Mn systems. Their molecular structure is chosen such that they 
facilitate understanding of all the factors that influence the phase behavior within a 
particular system. Accordingly, MJ-LCPs were chosen as the LC block in which the LC 
mesogens are directly attached laterally along the side of the polymer backbone without 
using any spacers as shown in Figure 1.6c. The steric repulsions between the mesogens 
force the polymer backbone to adopt an extended chain conformation rendering a rigid 
rod-like nature to it. The formation of macromolecular columns was established using a 
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number of experimental techniques.79, 80, 82, 183 Within the macromolecular structures, the 
mesogens are oriented at an angle with respect to the backbone. The advantage that such 
a macromolecular columnar structure offers compared to the other mesogenic rod based 
LCBCP systems is three fold: first, increasing the Mn leads an increase in the length of 
the rod; second, the diameter of the macromolecular column can be changed by changing 
the chemistry of the mesogen and third, the surface chemistry of the macromolecular rods 
can be altered by attaching tail-like units along the ends of the mesogen. Investigation 
into the influence of all these three factors on the final phase behavior of LCBCPs was 
investigated in this thesis. Additionally, the influence of the type of bonding (covalent vs. 
non-covalent) between the LC mesogen and the BCP was also investigated by studying 
LCBCPs formed using both covalent and H-bond interactions. 
The first part of the research focused on the characterization of phase structures of 
MJ-LCBCP system. A model PS-b-PMPCS (see Chapter 2) MJ-LCBCP system was 
chosen where PS formed the coil block and PMPCS formed the macromolecular columns 
within which the MPCS mesogens were aligned at an angle to the backbone block. A 
series of PS-b-PMPCS samples were investigated and the influence of Mn and f on the 
overall phase behavior was studied in both low Mn and high Mn systems and 
symmetric/asymmetric systems. Chapter 3 provides details of the investigation. 
After establishing the phase behavior of PS-b-PMPCS MJ-LCBCP system, the 
second part of the thesis was focused on changing the diameter and surface chemistry of 
the macromolecular columns. The diameter was increased by changing the three-ring 
MPCS mesogen into a five-ring mesogen and the surface chemistry was altered by 
introducing alkyl tails along to the mesogens. This led to the formation of PS-b-PABOS 
64 
 
MJ-LCBCP system (see Chapter 2) where the mesogenic core and alkyl tails formed a 
core-shell macromolecular column architecture. Within PS-b-PABOS system, the 
influence of f on the final phase morphology was studied in symmetric/asymmetric 
samples. Chapter 4 provides details of the investigation. 
The final part of the thesis was focused on the influence of improving the 
flexibility of the mesogen. Accordingly, both SC-LCBCP and H-bonded LCBCPs were 
studied (see Chapter 2). In the SC-LCBCPs, 12 carbon spacers were used to decouple the 
interactions between the mesogen and polymer backbone whereas in the H-bonded 
system, interactions between terminal –OH group of mesogen and N of P4VP were 
exploited to achieve the H-bond. The influence of fLC was studied in both these systems. 
Chapters 5 and 6 provide details of the investigation. 
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CHAPTER 2. EXPERIMENTAL MATERIALS AND METHODS 
 
2.1. Materials 
The LCBCP systems investigated in this project are divided into three series. The 
sample chemistry, the targeted architecture and the variables that were investigated in the 
homopolymer and BCP series are shown in Table 2.1. The three LCBCP series of 
samples are: 
1) Block copolymers based on MJ-LCPs (MJ-LCBCPs) 
a. The first type of MJ-LCP, poly(2,5-bis-[4-methoxyphenyl]oxycarbonyl)styrene) 
(PMPCS), is based on linear mesogen molecule consisting of three benzene rings 
connected using carbonyl units with methoxy tails as shown in Table 2.1a (a). By 
introducing PMPCS as one of the blocks and PS as the coil block, PS-b-PMPCS 
LCBCPs were obtained (Table 2.1b (1a)). 
b. The second type of MJ-LCP is based on mesogen that has a bent-core or banana 
type of architecture (Table 2.1a (b)). Bent-core molecules possess dipole moment 
and exhibit excellent electro-optical properties. The influence of such bent-core 
molecules on the phase structures of LCBCPs will be investigated in a systematic 
manner. Both three ringed (Table 2.1a (b,c)) homopolymer systems were first 
studied to investigate the influence of the diameter of the macromolecular rod on 
the final LC phase behavior. Additionally, within each system (3-ring and 5-ring), 
the length of the tails was varied (changing surface chemistry), leading to the 
formation of a core-shell architecture, and its influence on the LC phase behavior 
was also investigated. LCBCPs were prepared with 5-ring homopolymers 
(poly{5-vinyl-1,3-phenylenebis[4-(4’-alkoxybenzoyloxy)benzoate]} (PABOS)) 
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with 10 (PDBOS-10) and 14 (PTBOS-14) carbon alkyl tails (Table 2.1a (c; n = 10 
and 14) ). By introducing PABOS as the rod block to form LCBCPs and PS is the 
coil block forming PS-b-PDBOS and PS-b-PTBOS systems were obtained as 
shown in Table 2.1b (1b).  
2) Block copolymers based on SC-LCPs (SC-LCBCPs) 
The jacketing influence of the mesogen on the backbone was subdued by 
introducing spacers between the bent-core mesogens and the polymer backbone. 
PMAC12 with 12 carbon tail spacer was used as one of the blocks and PS as the coil 
block leading to the formation of PS-b-PMAC SC-LCBCP system as shown in Table 
2.1b (2). 
3) Block copolymers based on hydrogen bonded LCs 
The flexibility of the bond between LC and BCP was further increased by using 
the weaker hydrogen bonds (H-bond) between 1-[4’-(3’’,4’’,5’’-
tridecyloxybenzoyloxy)phenyleneoxycarbonyl]-3-[(4’-
hydroxyphenyl)oxycarbonyl]benzene (BP) and PS-b-P4VP. The terminal –OH of BP 
forms complex with the nitrogen of P4VP due to the H-bonding and this complex phase 
separates from the PS coil as shown in Table 2.1b (3). 
Tables 2.2, 2.3, 2.4, 2.5 and 2.6 show the sample information such as sample Mn, 
PDI, composition (fLC) for PS-b-PMPCS, PABOS homopolymer, PS-b-PABOS, PS-b-
PMAC, PS-b-P4VP/BP. The synthetic procedures for the precursors, homopolymers and 
BCPs are provided in the appendix. Bulk synthesis of the PS-b-PMPCS, PS-b-PABOS 
and PS-b-PMAC series was done in Prof. Qi-Feng Zhou’s lab at Peking University. All 
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Table 2.1. Sample chemistry, target architecture and the experimental variables of a) 
rod-coil homopolymers and b) three BCP series. 
 
 
 
 
Series (Sample) Chemistry Target Architecture Variables
MJ-LCPs
a) Linear rod
(PMPCS) m = 50
b) Core-shell rod
(three-ring bent-core)
n = 1,2,3,4,5
c) Core-shell rod
(five-ring bent-core)
n = 6, 8,10,
12,14,16
C
O
O OCH3C
O
OH3CO
m
O
O
O
OO
O
O
O
OO CnH2n+1H2n+1Cn
O
O
O
O
O CnH2n+1H2n+1Cn
m
O
a
m
Series (Sample) Chemistry Target Architecture Variables
1. MJ-LCBCPs
a) Rod-coil
(PS-b-PMPCS)
Low Mn
High Mn
Symmetric
Asymmetric
b) Core-shell
rod-coil
(PS-b-PDBOS
and 
PS-b-PTBOS)
Symmetric
Coil rich
Rod rich
2. SC-LCBCPs
(PS-b-PMAC)
Low fLC
High fLC
3. HB-LCBCPs
(PS-b-P4VP/BP)
Low fLC
High fLC
x = 10: PS-b-PDBOS
x = 14: PS-b-PTBOS
b
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Table 2. 2. Sample information of PS-b-PMPCS BCPs. 
 
Sample Mn(PSa/PMPCSb) Mn(total) PDI  fPMPCS, c 
PS109-b-PMPCS27 (1) 11400/10900  22300 1.13 0.44 
PS109-b-PMPCS41 (2) 11400/16600 28000 1.18 0.54 
PS171-b-PMPCS34 (3)  17800/13600 31400 1.18 0.38 
PS227-b-PMPCS47 (4)  23600/18800  42400 1.24 0.39 
PS171-b-PMPCS32 (5)  17800/13000 30800 1.14 0.37 
PS272-b-PMPCS93 (6)  28300/37560  65860 1.21 0.52 
PMPCS50  20100  20100  1.20  1  
   a Measured using GPC with THF as eluent; b,c Measured using NMR data 
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Table 2. 3. Sample information of three-ring and five-ring homopolymers. 
Polymer Mna×10-4 PDI  Tgb  
T-AB1  Poor solubility in THF 133  
T-AB2  15.9 1.82 121  
T-AB3  11.9 1.84 110  
T-AB4  18.4 1.58 92  
T-AB5  6.3 2.25 77  
F-ABOS6  Poor solubility in THF 114  
 F-ABOS8  23.2 1.43 119  
F-ABOS10 14.1 1.90 134  
F-ABOS12 14.9 1.62 134  
F-ABOS14 17.2 1.93 140  
F-ABOS16 18.4 1.88 125  
                                           a Measured using GPC with THF as eluent; b Measured using DSC 
70 
 
 
 
 
Table 2.4. Sample information of PS-b-PTBOS and PS-b-PDBOS BCPs. 
Sample  Mn 
(PS
a
/PTBOS
b
)
Total 
Mn  PDI  fPTBOS
c
  
PS135-b-PTBOS9 (1) 14000/9600 23600 1.20 0.36 
PS96-b-PTBOS15 (2) 10000/14900 24900 1.3  0.55  
PS202-b-PTBOS35 (3) 21000/35300 56300 1.17  0.58  
PS385-b-PTBOS71 (4) 40000/71200 111200 1.21  0.59  
PS288-b-PTBOS25 (5) 30000/25500 55500 1.18  0.41  
PS567-b-PTBOS27 (6) 59000/27200 86200 1.28  0.28  
PS567-b-PTBOS24 (7) 59000/24300 83300 1.3  0.25  
PS192-b-PTBOS112 (8) 20000/112800 132800 1.28  0.82  
PS160-b-PTBOS126 (9) 16600/126800 143400 1.39  0.86  
Sample 
Mn 
(PS
a
/PDBOS
b
)
Total
Mn PDI fPDBOS
c 
PS192-b-PDBOS51 (10) 20000/46200 66200 1.16  0.66  
PS195-b-PDBOS14 (11) 20300/12600 32900 1.13  0.34  
       a Measured using GPC with THF as eluent; b,c Measured using NMR data 
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Table 2.5. Sample information of PS-b-PMAC BCPs. 
 
    a Measured using GPC with THF as eluent; b,c Measured using NMR data 
 
 
 
Table 2.6. Sample information of PS-b-P4VP/BP blends. 
 
 
Sample Mn (PSa/PMACb)
Total
Mn
PDI fPMAC, c
PS212-b-PMAC62 (1) 22000/50400 72400 1.20 0.65
PS192-b-PMAC39 (2) 20000/31800 51800 1.20 0.56
PS212-b-PMAC34 (3) 22000/27300 49300 1.20 0.50
PS212-b-PMAC20 (4) 22000/16200 38200 1.20 0.37
PS212-b-PMAC15 (5) 22000/12100 34100 1.20 0.31
Sample fP4VP/BP
PS-b-P4VP/BP0.1 0.65
PS-b-P4VP/BP0.2 0.73
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characterization experiments were done in Prof. Christopher Li’s lab at Drexel 
University. 
 
2.2. Experimental characterization techniques 
2.2.1. Nuclear magnetic resonance (NMR) spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a sensitive, powerful and 
non-destructive tool for the evaluation of polymer chain conformations, dynamics and 
polymer composition. The experimentation can be performed with samples in both solid-
state and in solution. In the presence of a strong eternal magnetic field, certain nuclei 
such as 1H, 13C, 15N etc. adopt either a parallel or anti-parallel orientation with respect to 
the field and there exists equilibrium between the parallel and anti-parallel spin states. 
This orientation can be flipped by applying electromagnetic radio frequency (RF) in 
pulses perpendicular to the magnetic field, and the amount of energy absorbed during 
flipping is indicative of the chemical environment around the nucleus. Depending upon 
the frequency of the RF pulse, different nuclei can be detected. Once the RF pulse is 
withdrawn, the nuclei return to their initial equilibrium state which is detected by an 
induced voltage in a coil surrounding the sample. The induced current decays to zero 
generating free induction decay (FID). A combination of FIDs collected from a series of 
scans as a function of time are then fed into a computer, the data into frequency domains 
using Fourier transformation giving rise to a 1D NMR spectrum. In a typical 1H 
spectrum, the peak position is characteristic of the environment surrounding the proton 
and the area under the peak is proportional to the number of nuclei. The frequencies are 
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reported relative to the frequency of a standard tetramethylsilane (TMS) whose carbon 
and proton peaks are assigned zero ppm.184 
The NMR spectrometer consists of a superconducting magnet, a radio frequency 
generator, detector and an analyzer. The superconducting magnet possesses high field 
strengths of up to 18T. In solution NMR, the sample is dissolved in an appropriate 
solvent and placed in the magnetic field and is subjected to spin so as to ensure 
homogenous field. In the present work, the small molecule purity, polymer and 
copolymer compositions were determined by NMR spectroscopy (1H NMR, Unity Inova 
300 MHz). A typical NMR sample is prepared by dissolving the polymer in CD2Cl2 (~1-
2mg in ~1ml) solvent with TMS as internal standard. Figure 2.1 shows a typical NMR 
spectrum obtained from PS-b-PTBOS BCP. Clear signals are evident from both the PS 
and PTBOS blocks are evident in the spectrum. The block length was estimated from the 
intensity ratio of the alkoxy groups (δ = 3.3-3.8) and the aromatic groups (δ = 6.3-7.2). 
 
2.2.2 Thermal Analysis 
Differential scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA) 
were used to study the thermal phase transition temperature and the thermal degradation 
temperature of the small molecules, polymers and LCBCPs respectively. The DSC 
consists of a furnace in which a sample pan and an empty pan are placed. Both the pans 
are connected to a controlled heating element and a thermocouple.   It measures the 
difference in heat flow between the sample pan and the empty pan while maintaining 
both the pans at the same temperature. The excess energy absorbed or released by the 
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Figure 2.1. Typical 1HNMR plot of PS-b-PTBOS using CD2Cl2. 
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sample during a thermal transition is shown as a step or a peak when the differential heat 
flow is plotted as a function of temperature. In the present work, LCBCP transitions such 
as Tg of PS and LC block and Ti (isotropization of LC) are measured using DSC. A 
typical sample size for DSC is ~2-5mg. The sample is encapsulated in an Al pan before 
performing the experiment. DSC is also performed on an In standard using the same 
heating/cooling conditions. In has a melting peak at 156.6°C and the corresponding heat 
of fusion is 28.45J/g. The sample data is calibrated for temperature and heat flow using 
the data for In standard.   TGA measures the change in sample weight as a function of 
temperature and is used to study thermal transitions such as degradation temperature 
(temperature at which the sample loses 5% of its initial weight), solvent and 
incombustible component content in the sample etc.185 A typical sample for TGA is 
~5mg and is placed in a Pt sample pan. The sample is heated in air or inert gas 
atmosphere to a predetermined temperature at a constant heating rate and its degradation 
is monitored. TGA furnace temperature is calibrated using curie temperature of standard 
materials like alumel, Zn, perkalloy while the microbalance is calibrated using standard 
weight (100mg). Perkin Elmer DSC7, TGA7, Mettler Toledo DSC822e and TGA851e 
were used for thermal analysis in this thesis project. 
 
2.2.3 Microscopy  
Optical microscopy: An Olympus BX51 polarized optical microscope attached 
with Insight digital camera was used to study the LC behavior of LCBCPs. Light from 
the source passes through a polarizer resulting in a plane polarized light, which then 
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passes through the birefringent (anisotropic) sample. The sample reorients the 
polarization plane of the light giving rise to two waves that vibrate along the two 
principle directions of the sample and travel at different speeds. These light waves 
recombine once they emerge from the sample and depending upon the refractive index 
difference, the resultant light wave undergoes optical retardation. An analyzer is placed in 
the optical path with its optical axis perpendicular to the direction of optical path of the 
polarizer. The analyzer allows only those waves from the sample that vibrate in its plane 
to reach the eye piece. In the present work, the sample was encapsulated between two 
glass slides and was placed in a Mettler hotstage FP 82 HT with FP-90 central processor. 
Both room temperature and high temperature phases were studied. 
Transmission electron microscopy: Transmission electron microscope (TEM) is a 
powerful tool employed in evaluation of microstructure, compositional and elemental 
analysis of matter at very high resolution.186 Figure 2.2 shows the ray path of electrons in 
a typical TEM column during the two basic imaging operations: diffraction and imaging. 
The TEM column is maintained at very high vacuum (10-4 to 10-13 mbar) and consists of a 
source that emits a beam of highly energetic electrons due to heat or electric field. A 
series of electromagnetic lenses, whose focal length can be varied by varying the current 
to the electromagnetic coils, facilitate the final image formation. A couple of condenser 
lenses uniformly illuminate the sample by bringing the electron beam into focus upon the 
specimen. The focused monochromatic beam interacts with the sample (~30 to 70 nm 
thick) and the transmitted electrons are focused to a point called the back focal point of 
the objective lens below the objective lens. The electrons that deviated from the optical 
path are eliminated by using apertures of varying sizes. The intermediate and projector 
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lenses aid in magnifying the image and have a large focal  length that can be varied by 
applying current. The final image is projected onto a fluorescent screen that emits visible 
light when electron beam strikes the surface and can be captured using CCD camera or a 
photographic plate. The image formed by unscattered electrons is called a bright field 
image. By removing the unscattered electrons and allowing only the scattered electrons, a 
dark field image can be produced that has better contrast but lower intensity. In addition, 
electron diffraction can also be performed that gives information about the crystal 
structure of the specimen. This is achieved by making the back focal plane of the 
objective lens as the object plane of the projector lenses (in normal imaging, intermediate 
image formed by the objective lens forms the object plane for the projector lens). The 
objective aperture is withdrawn in order to allow the diffracted beams to interfere. 
In the present work, a JEOL 2000FX TEM was used and the accelerating voltage 
was 120kV. Both CCD and photographic imaging was used. A typical TEM sample 
preparation is as follows: Sheared samples were obtained by solution-casting thick 
polymer films (thickness ~0.5-1 mm) from 5% (w/w) dichloromethane solution. The 
solvent was allowed to evaporate at room temperature for 2 days. Residual solvent was 
removed under vacuum at 80 °C, and the sample was then annealed above the Tg of both 
blocks for 3-7 days to allow microphase separation. To achieve uniform shear alignment 
of the microdomains, the microphase-separated samples were then subject to a large-
amplitude reciprocating shear above the Tg of both blocks for ~30-50min. The shear 
frequency was ~0.5 Hz, and the shear amplitude was ~150%. The shearing plane consists 
of the shear direction/flow direction (FD) and constraint direction (CD) as shown in 
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Figure 2.3. Shear geometry for shearing the BCP samples. 
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LD – Loading direction
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Figure 2.3, and the shear gradient was along the loading direction (LD). The resulting 
polymer film was then taken out of the shearing apparatus and quenched to room 
temperature. The samples were then annealed at the shearing temperature for an 
additional 24 h to release residue shear stress. The final film thickness was ~0.2-0.3 mm. 
Thin sections (~50nm) were prepared by ultramicrotomy of the sheared bulk samples, 
were used for TEM imaging. The samples were sectioned at room temperature on Leica 
UC6 ultramicrotome using a Diatome diamond knife and were collected on water and 
dried. In order to enhance the contrast between the BCP domains, the TEM sections were 
subjected to staining using RuO4 vapors for ~40min. 
 
2.2.4 X-ray scattering 
While TEM provides local information (up to 25μm) about the morphology of a 
sample, X-ray scattering facilitates probing much larger sample size (1-3mm) thus 
providing an averaged global information. Figure 2.4a187 shows the scattering of an 
incident X-ray beam by two electrons located at A and B. The scattered beams interfere 
coherently and are detected using a detector. The phase difference between the two 
scattered beams is related to the path difference between A and B and wavelength of the 
X-ray (λ) using:187 
                                                    
)(2 ADBC −=Δ λ
πφ
 
................................................
 
2. 1 
If we consider the vector AC= r , then 
                                                           rs ⋅−=Δ πϕ 2  .......................................................2. 2 
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                                                             λ
0SSs −=   .........................................................2. 3 
where s is called the scattering vector whose magnitude is given by 
                                                             λ
θSins 2=
   
 ........................................................2. 4 
However, in a sample of few millimeters thickness, there are numerous electrons that 
scatter the incident beam. The amplitude of the scattered beam from numerous electrons 
can be written in terms of a Fourier transform: 
                                                 A(s) = A0 b ∫ −
V
sri drern π2)(
 
 ............................................2. 5 
Integration involves the entire sample scattering volume (V), n(r)dr is the number of 
electrons present in a three dimensional volume element dr=dxdydz and b is the 
scattering length of the each electron in the sample and is given by: 
                                                      
2
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2
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................................................2. 6 
where re is called the classical radius of electron and is equal to e2/mc2 and e, m are 
charge and mass of electron and c is the speed of light. Equation 2.4 can also be written 
as: 
                                                         A(q) = ∫ −
V
iqrdrer)(ρ   ................................................2. 7 
where q = 2πs, A(q) is the normalized amplitude ρ(r) is the electron scattering length 
density distribution. The amplitude of the scattered beam is the Fourier transform of the 
electron scattering length density distribution in the sample. The intensity is related to the 
normalized amplitude by: 
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iqr drerρ =A(q).A*(q)  ................................2. 8 
The scattering intensity can be written as: 
                                                       ∫ −Γ= drerqI iqr)()( ρ   ................................................2. 9 
where Гρ(r) is the autocorrelation function of ρ(r) (also known as the Patterson function). 
The scattering intensity can be obtained by the Fourier transform of the autocorrelation 
function of the electron scattering length density distribution. The ρ(r) for a particular 
type of BCP morphology is calculated by assuming structural models for different BCP 
morphologies (L, C, S) and fitting the model and the experimental data. Based on a good 
fit, sample information such as the domain spacing and volume fractions of the phases 
can be obtained by this method.187, 188 
Synchrotron X-ray source with wavelength 0.1371nm at the Beamline X27C in 
Brookhaven National Laboratory is used in the present work.189 Figure 2.4b shows the 
schematic representation of the simultaneous SAXS and WAXD setup. The synchrotron 
beam passes through the monochromator assembly and the pinhole collimation assembly. 
The monochromatic symmetric beam then interacts with the sample. The sample holder 
can also be mounted onto a hot stage for high temperature measurements. SAXS is used 
to probe the overall BCP morphology (10-100nm) whereas WAXD is used to study the 
orientation within the LC block (1-10nm). The 2D area detector is a fluorescent image 
plate placed at a distance of ~18cm and ~205cm from the sample for WAXD and SAXS 
experiments respectively. Simultaneous recording of SAXS and WAXD data without 
altering the sample allows the determination of the relative orientation of LCs and BCP 
domains. The zero pixel of the 2-D SAXS patterns were calibrated using silver behenate, 
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Figure 2.4. a) Schematic representation of scattering of X-ray by electrons.187 b) 
Schematic representation of simultaneous SAXS and WAXD setup at beamline X-
27C, NSLS, BNL.189 
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with the first order scattering vector q (q=4πsinθ/λ, where λ is the wavelength and 2θ the 
scattering angle) being 1.076 nm-1 and the 2D WAXD patterns were calibrated with 
aluminum oxide with the first order scattering vector being 18.03nm-1. The air scattering 
was subtracted from both the SAXS and WAXD patterns. The X-ray beam spot 
dimension was 0.1 mm in diameter. The X-ray beam was aligned parallel to the FD, CD 
and LD of the sample (Figure 2.3).  
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CHAPTER 3. PHASE BEHAVIOR OF THE MESOGEN JACKETED LIQUID 
CRYSTALLINE “ROD-COIL” BLOCK COPOLYMERS WITH LINEAR 
MESOGENS 
 
3.1. Introduction 
Restricting the motion of LC mesogens around the molecular axis was found to be 
an effective method of inducing LC phases in LCPs.190 Following this concept, 
Finkelmann et al. successfully synthesized a new class of LCPs in which the LC mesogen 
was attached laterally to the polymer backbone and obtained N LC phase behavior both 
in monomers and polymers.190 They also observed that the LC phase is thermally more 
stable in the polymer. Zhou et al. synthesized a new class of LCPs, called the MJ-LCPs, 
where the mesogen is directly attached laterally along its waist to the polymer 
backbone.64, 76, 77, 191, 192 Due to the bulky nature of the mesogen (three benzene rings) 
compared to the backbone (ethylene repeating unit), strong steric interactions force the 
mesogens to adopt a mutually parallel orientation with jacket-like wrapping around the 
polymer backbone. The backbone adopts an extended chain or helical conformation and 
forms a rigid cylindrical macromolecular column (cartoon in Figure 3.1). The mesogen 
axis is tilted with respect to the polymer backbone. As discussed in Section 1.1.3.2, a 
number of experimental techniques (including NMR, PLM, light and neutron scattering 
and WAXD) were used to confirm the macromolecular columnar nature of MJ-LCPs.78, 
80-82, 183, 193 The persistence length of MJ-LCPs was found to be much higher (~11.5-
13.5nm for PMPCS) than that of flexible coils (~1nm) using light scattering.79 The rigid 
nature of the molecules was evidenced by peak broadening in solution NMR 
experiments.78 PLM experiments on MJ-LCPs have shown the formation of banded 
texture (example, Figure 3.1b) which indicates the rigid nature of these molecules. These 
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results were supported by SANS experiments that showed large anisotropy in Rg of MJ-
LCPs between the shear and lateral directions.80, 193 WAXD results showed diffraction 
arcs corresponding to the inter-columnar interference in the low region and lateral inter-
mesogen interference in the wide angle region. MJ-LCPs with three benzene rings and 
based on different mesogen chemistry such as 2-vinylhydroquinone, 2-vinylterephthalic 
acid, 2-vinyl-1,4-phenylenediamine and p-terphenyl have been reported. ΦN LC phase is 
most commonly observed in these samples although hexatic ΦN, ΦH and tilted ΦH have 
also been reported.192, 194, 195 MJ-LCPs based on vinylterephthalic acid (PMPCS) were 
used as the rod block for the synthesis of PS-b-PMPCS MJ-LCBCP system. The solution 
behavior of PS-b-PMPCS was investigated.196-198 In p-xylene, these molecules formed 
micellar aggregates with PMPCS core and PS shell forming a core-shell type of 
nanostructure. The shell size can be varied by changing solution composition while the 
core size remained constant. This is due to the stretching of the PS coils radially because 
of crowding. The bulk phase behavior of PMPCS homopolymer and PS-b-PMPCS BCPs 
is investigated in the first part of this thesis project. 
 
3.2. Phase behavior of the poly(2,5-bis-[4-methoxyphenyl]oxycarbonyl)styrene) 
(PMPCS) homopolymer 
 
Table 2.2 shows the Mn information of the PMPCS homopolymer that was 
investigated in this thesis project. Figure 3.1a shows the heating thermogram of 
homopolymer PMPCS obtained by heating the homopolymer at 40°C/min after cooling it 
from melt at 2.5°C/min in a DSC. Fast heating of slowly cooled sample induces thermal 
hysteresis in the thermal properties (such as Tg) of polymers. A single hysteresis peak is 
seen at ~113.2°C corresponding to the Tg of PMPCS and no other thermal transitions 
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were observed. Figure 3.1b shows the PLM of MPCS monomer and PMPCS 
homopolymer observed by shearing the sample above the Tg of the sample (shear 
direction is shown in the figure). N LC texture is evident in the monomer. A banded 
texture is seen in the figure with the band direction oriented perpendicular to the shear 
direction. In MJ-LCPs, the polymer molecules align in the shear direction whereas the 
elastic energy associated with the shearing process forces the molecules to relax after the 
shearing force is withdrawn. However, the rigid molecules resist such relaxation resulting 
in a zig-zag arrangement of molecules that appears as a banded texture under PLM. 
PMPCS sample exhibited strong birefringence up to 220°C indicating that the LC 
ordering is maintained even at such high temperature. Wide angle X-ray diffraction 
(WAXD) was performed on the sheared sample to understand the nature of the LC phase 
and is shown in Figure 3.1c. The X-ray beam is perpendicular to the shear direction. Two 
diffraction arcs located along the equator in the low angle region and in the wide angle 
region amorphous halo is present along the meridian.  These two arcs represent ordering 
at two different length scales. The low angle diffractions (d-spacing ~1.5nm) are due to 
orientational order parallel to the shear direction and the meridian wide angle halo are 
due to interactions at a much smaller length scale (~0.45nm) that are oriented 
perpendicular to the low angle diffractions. The lack of higher order diffractions in the 
low angle, an indication of absence of long range order, suggest the LC phase might be N 
in nature but Sm LC phases are also possible. In N LC phase, the d-spacing corresponds 
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Figure 3. 1. a) DSC thermogram of PMPCS homopolymer. b) PLM images of MPCS 
and sheared PMPCS. c) WAXD pattern obtained from sheared PMPCS and schematic 
representation of the macromolecular columnar structure. 
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to the mesogen length. An extended chain length of PMPCS mesogen (Mn = 
21,000g/mol) would be ~1.9nm. Since the low angle diffraction is smaller than 1.9nm, it 
indicates that the LC phase is not simple N phase. A N phase with SmC type fluctuation 
might also give rise to a shorter d-spacing. However SmC fluctuation would result in 
quadrant diffraction arcs, which were not observed in the present case. So the possibility 
of N with SmC type fluctuation is eliminated. The amorphous scattering corresponds to 
the lateral interactions between the mesogens and their location along the meridian 
indicates that the mesogens are oriented perpendicular to the shear direction. Based on 
these observations, a macromolecular columnar structure is proposed for the PMPCS 
where the bulky mesogens directly linked to the main chain of the polymer causes the 
main chain to adopt an extended conformation and the entire PMPCS block forms a 
macromolecular column with a diameter of ~1.5 nm, corresponding to the low-angle 
diffraction arcs in Figure 3.1c. From this information, the tilting angle of the mesogen 
inside the column can be calculated to be ~38°. Therefore, it is the macromolecular 
columns, instead of the mesogen groups, that possess the N orientational order, and the 
LC phase can be defined as the supramolecular ΦN (columnar nematic) phase. Although 
PMPCS belongs to the category of side-chain LCPs, unlike SCLCPs, strong interactions 
between mesogens force the backbone to adopt an elongated chain conformation forming 
a rigid macromolecular ΦN structure. Using this rigid PMPCS macromolecular column as 
the rod block and PS as the coil block, PS-b-PMPCS BCPs were synthesized and the 
sample information such as Mn, PDI and fPMPCS is shown in Table 2.2. The samples were 
divided into low Mn (1-5) and high Mn (6) categories based on the total Mn. The low Mn 
samples were further categorized as symmetric (1-4) and asymmetric (5) based on fPMPCS. 
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3.3. Phase behavior of low Mn symmetric poly(styrene-block-(2,5-bis-[4-
methoxyphenyl]oxycarbonyl)styrene)) (PS-b-PMPCS) (Table 2.2 (1-4)) 
 
3.3.1. Thermal analysis 
Figure 3.2 shows the DSC heating thermograms recorded at fast heating rate of 
40°C/min of slowly cooled samples (2.5°C/min cooling). Fast heating of slowly cooled 
samples induces endothermic hysteresis peaks at the Tg which in turn make the Tg more 
evident.185As indicated by the arrows in Figure 3.2, the two endothermic hysteresis peaks 
of PS and PMPCS Tg can be clearly observed. Observation of two distinct Tgs indicate 
the presence of two well segregated phases in the sample. The Tg of PMPCS and PS-b-
PMPCS are listed in Table 3.1 which clearly shows that PS and PMPCS blocks possess 
higher Tg than their corresponding homopolymers. In a microphase separated structure, 
mutual confinement of the polymers within BCP nanodomains restricts the mobility of 
polymer chains and leads to increased Tg.185 In addition to the Tg, no other distinct 
thermal transitions were identified from the DSC experiments up to 220°C. 
 
3.3.2. BCP phase behavior 
A set of 2-D SAXS patterns of a mechanically sheared PS171-PMPCS34 film were 
recorded as shown in Figure 3.3a (i and ii). The X-ray beam was along the CD (Figure 
3.3ai) and the FD (Figure 3.3aii) of the sample as defined in Figure 2.3. In both cases, the 
horizontal axes (equator) were along the LD of the film. It is evident that up to the fourth 
order of the scattering can be seen, and the higher order scattering peaks possess a ratio 
of 1:2:3:4 with respect to the primary scattering peak suggesting that the BCP 
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Figure 3. 2. DSC thermogram of low Mn symmetric PS-b-PMPCS BCPs. 
 
 
Table 3. 1. Tg of the two blocks in PS-b-PMPCS samples. 
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Tg PS Tg PMPCS
Sample Tg PS (°C) Tg PMPCS (°C) 
PS109-PMPCS27 (1) 100.1 117.5
PS109-PMPCS41 (2) 100 116.5
PS171-PMPCS34 (3) 102.4 117
PS227-PMPCS47 (4) 102.5 116.4
PS171-PMPCS32 (5) 102.1 116.7
PS272-PMPCS93 (6) 102.7 118
PMPCS50 113.2
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Figure 3.3. 2-D SAXS patterns of a mechanically sheared PS171-b-PMPCS34 with the 
X-ray beam along the CD (ai) and the FD (aii). TEM images obtained from a thin 
section of PS109-b-PMPCS41 obtained by microtoming sheared polymer films along 
the (bi) CD/LD and (bii) FD/LD planes. 
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morphology is simple L in nature. The d-spacing corresponding to the primary scattering 
peak is 26.9 nm. For the four PS-b-PMPCS samples that have been investigated, the 
SAXS patterns possess similar features with scatterings representing simple L 
morphology. The volume fractions of PMPCS blocks in these four block copolymers are 
between 0.38 and 0.54, which falls into the conventional volume fraction range for L 
structure in coil-coil diblock copolymers. The d-spacing of the L are listed in Table 3.2. 
Since the observed diffractions were along the LD in both parts i and ii of Figure 
3.3a, it can be concluded that the L normal is parallel to the mechanical shear gradient 
(the LD), which is the commonly observed orientation in coil-coil BCPs.13, 199 The real 
space schematic representations of the L structures are shown in the insets of Figure 3.3a, 
which were also observed by TEM experiments. Figures 3.3b i and ii show the TEM 
image obtained from a thin section of PS109-PMPCS41 obtained by microtoming sheared 
polymer films along the CD/LD and FD/LD planes respectively. Relatively uniform L 
structures can be seen and the inset is a Fourier transform of this image, which indicates 
that long-range order of the L structure has been achieved by mechanical shearing. The d-
spacing of the L can be measured to be ~24.3 nm, which is consistent with the SAXS 
observation of 24.9 nm for PS109-PMPCS41. 
 
3.3.3. LC Phase behavior 
2-D WAXD experiments were performed to determine the LC phase structure of 
the shear oriented PS-PMPCS samples. Three 2-D WAXD patterns of PS171-PMPCS34 
were obtained with the X-ray beam along the CD, FD and LD, as shown in parts a, b, and 
c of Figure 3.4 respectively. In all the three patterns, diffraction arcs/ring in the low angle 
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region and diffused scattering in the wide-angle region are clearly visible. In Figure 3.4a 
and b, the X-ray patterns show orientated LC structures. The low-angle diffractions (d-
spacing 1.5nm) are located on the meridian while the wide angle amorphous scattering is 
located on the equator. Since the low-angle diffractions are due to the intercolumnar 
diffraction and since they are located on the meridian, the columnar axis should be 
parallel to the LD, which corresponds to the equator in the 2-D WAXD pattern. In the 
case of Figure 3.4c, the X-ray was parallel to the columnar axes, and hence an isotropic 
ring of the low-angle diffraction was observed which corresponds to the diameter of the 
macromolecular column. Based on the WAXD observations, it is clear that the 
macromolecular columns are perpendicular to the CD/FD plane and parallel to the LD. 
Figure 3.4d shows the azimuthal scan of the amorphous halo of the samples. Two peak 
intensities spaced 180° apart indicate uniform orientation of the LC mesogens parallel to 
the LD. The orientation behavior of the macromolecular rods with respect to the shear is 
different in BCP compared to homopolymer PMPCS. In PMPCS homopolymer, the 
macromolecular columns were oriented parallel to the shear direction (FD). All the low 
Mn symmetric BCP samples investigated showed similar orientation behavior. Compared 
to the orientation of the homopolymer, it is evident that shear has facilitated the L 
orientation while it did not influence the orientation of the LC mesogen. This might be 
due to the shear rate effect: slow (0.5 Hz) shear rate was employed for BCP whereas high 
shear rate (10 Hz) was employed to orientate LC homopolymers.  
PLM was used to study the LC texture. Schlieren LC texture was observed in all 
the block copolymer samples, and Figure 3.4e shows the PLM image of PS109-PMPCS27 
at 150°C. The block copolymer was hot pressed at 200 °C and slightly sheared to 
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increase the monodomain size. The FD is parallel to one of the polarizers. Combining 
both the WAXD and SAXS results, the hierarchical packing scheme of the low Mn 
symmetric PS-b-PMPCS rod-coil BCPs can be schematically illustrated as shown in 
Figure 3.5.200 PMPCS blocks form the rods with a diameter of ~1.5 nm while PS blocks 
form the coil (Figure 3.5b). These rod-coil blocks pack together forming L structure 
(Figure 3.5c) with the rod axis parallel to the L normal. Thus a ΦN-in-L nanoscale 
hierarchical phase structure is formed. Based on the Mn of PMPCS, L d-spacing and 
assuming zigzag conformation of the PMPCS backbones (which is close to the real case 
due to the bulky mesogen groups), it can be concluded that within each PMPCS domain 
two layers of the macromolecular columns can be formed, indicating a bilayer structure. 
Figure 3.5d shows the BCP L structure. A bilayer SmA type of morphology, which is 
generally observed in low Mn oligomeric and small molecule LC systems, can be 
assigned to the macromolecular structure.97 
It is interesting to observe SmA type of arrangement of the PMPCS 
macromolecular columns. In most of the high Mn rod-coil systems, the areal mismatch at 
the interface between the rod diameter and the coil leads to the destabilization of SmA 
type of structure because such an arrangement would require excessive coil stretching 
perpendicular to the IMDS. The self-assembly process counterbalances this problem by 
forming folded chain conformation, SmC or interdigitated type of structure of the rods 
and is hence the most commonly observed phase.103, 104, 113 Each of these self assembled 
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Figure 3. 4. 2-D WAXD patterns of a mechanically sheared PS171-PMPCS34 with X-
rays along the a) CD, b) FD and c) LD. d) Azimuthal scan of the amorphous halo of 
the sample. e) PLM image of PS109-PMPCS27 at 150°C. 
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Figure 3. 5. Schematic representation of the hierarchical packing scheme of the low 
Mn symmetric PS-b-PMPCS rod-coil BCPs. 
 
 
Table 3.2. d-spacings of PS-b-PMPCS samples. 
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structures impart more interfacial area to the coil at the interface. For example in PS-b-
PHIC rod-coil system, a number of interesting BCP morphologies such as wavy lamellar, 
zigzag, and arrowhead were observed and depending upon the frod, both 
bilayer/interdigitated and tilted LC phases were reported. The area per junction for the 
PHIC rod was estimated to be ~1 nm2 and is independent of the Mn. Assuming strongly 
segregated L diblocks, the area per chain of PS varies as 0.14M1/3 nm2 (M: molecular 
weight, g/mol). 103, 104, 106 For PS with Mn greater than 10,000 g/mol (the case of PS104-b-
PHIC73), the area per chain of PS is ~3.01 nm2, much larger than that of the PHIC; 
interdigitation can partially solve the packing problem caused by the junction area 
mismatch. In the case of PS-PMPCS, however, assuming a columnar diameter of 1.5 nm, 
the molecular column has an approximate 2 nm2 cross-area per junction, which is double 
the value of PHIC. A non-interdigitated bilayer structure may thus be stabilized in the 
PS-b-PMPCS system. It should be noted that the bilayer model also can be observed in 
PS14-b-PHIC36 and PS7-b-PHIC58; in both cases, the PS blocks have small areas per 
junction. Although all the low Mn symmetric samples (fPMPCS = 0.38-0.54) exhibited 
similar phase behavior, PS171-b-PMPCS34 (fPMPCS = 0.38) showed very interesting phase 
behavior. The SAXS results show simple L structure (Figures 3.6a and b), the TEM 
results show that the layers in this sample possess a “wavy” nature as shown in Figure 
3.6c. The wavy nature of the sample might be due to the larger deviation of fPMPCS 
(=0.38) from the symmetric value (~0.5) where L phase is predominant. The wavy nature 
of the layers indicates that the fPMPCS is on the border of transition into another phase. 
This sample will be discussed in section 3.4.1. 
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Figure 3. 6. 2-D SAXS patterns of a mechanically sheared PS171-PMPCS34 with X-
rays along the a) CD, b) FD. c) TEM micrograph of the same sample showing the 
FD/LD plane. 
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3.4. Phase behavior of low Mn asymmetric poly(styrene-block-(2,5-bis-[4-
methoxyphenyl]oxycarbonyl)styrene)) (PS-b-PMPCS) (Table 2.2 (5)) 
 
3.4.1. Perforated layer structure of PS-b-PMPCS   
Figure 3.7a shows the DSC heating thermogram of PS171-b-PMPCS32 (fPMPCS ~ 
0.37) clearly indicating two Tg hysteresis peaks at ~ 100°C and 118 °C, corresponding to 
the Tg of PS and PMPCS blocks respectively. 2-D SAXS experiments were conducted on 
the sheared sample to confirm the phase structure (shear geometry Figure 2.3). Figures 
3.8a and 3.8b show the 2-D SAXS patterns taken with X-ray along CD and FD 
respectively as defined in Figure 2.3. It is evident, from Figure 3.8a, that in addition to 
the equator diffractions, there are four strong diffractions in the quadrants. The observed 
diffractions clearly indicate that the morphology of the sample is not simple L. The 
appearance of quadrant diffractions might indicate that the BCP morphology is C in 
nature. However, in a SAXS pattern from C morphology, the d-spacing of all the 
diffractions should be similar. However, in PS171-b-PMPCS32 it was observed that the 
four quadrant diffractions possess slightly larger d-spacing (24.3nm) compared to the first 
order diffraction on the equator (21.3nm). This excludes the possibility of a C 
morphology in the BCPs. Along the equator, up to three orders of diffractions can be 
observed. The weak diffractions, indicated by the arrows, are higher orders of the strong 
quadrant diffractions. SAXS pattern with the X-ray beam along FD is shown in Figure 
3.8b.  Interestingly, Figures 3.8a and b essentially possess the same feature except that 
higher order diffractions are absent in Figure 3.8b, possibly due to the relatively poor 
long range order along the FD. Observation of the same diffraction patterns of the 
sheared film along FD and CD is intriguing. It is known that in BCP structures, 
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Figure 3. 7. DSC thermogram of a) PS171-b-PMPCS32 and b) PS272-b-PMPCS93. 
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mechanical shearing induces structure anisotropy in the system. In L and C structures, the 
FD is parallel to the L layer normal and C axis, respectively. In the case of double gyroid 
and hexagonal perforated layer (HPL) structures, the FD is parallel to the [111] (for 
dIa 3 space group) and [ 0121 ] (for P63/mmc or mR 3 space groups) directions.13, 199, 201, 
202 Out of these four phase structures, for a single crystal-like sample, it is only in the L 
structure that the SAXS patterns along the FD and the CD are identical. Hence, the 
morphology of the BCP must be a modified form of L structure. In order to obtain the in-
plane symmetry of the sample, 2-D SAXS was carried out with X-rays along the LD and 
is shown in Figure 3.8c. Relatively weak diffraction ring can be seen with a d-spacing ~ 
21 nm. From these SAXS results, we anticipate that the most possible structure is a PL 
morphology, in which case PS and PMPCS form alternating layers and the “excessive” 
PS molecules punctuate the PMPCS layers and form regular perforations within the 
PMPCS layers. These perforations possess in-plane symmetry within the PMPCS layers. 
The in-plane symmetry should be evident from the SAXS pattern along the LD. However 
from our SAXS pattern (Figure 3.8c), the in-plane symmetry cannot be concluded 
because it shows an isotropic ring-like pattern (indicating lack of orientation). There are 
two possible reasons for the lack of orientation in the diffraction pattern along the LD: 1) 
mechanical shearing did not provide a perfect, single crystal-type structure; 2) the in-pane 
fluctuation is infinitely degenerated and the diffraction pattern is intrinsically isotropic, as 
suggested by Laradji et al.203 In a coil-coil PL structure, the most commonly observed PL 
possess hexagonal in-plane symmetry.188, 199 
In order to further confirm PS171-b-PMPCS32 structure in the real space, TEM 
experiments were conducted on thin, ultramicrotomed films stained with RuO4. Figure 
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Figure 3. 8. 2D SAXS pattern of PS171-b-PMPCS32 with X-rays along the a) CD, b) 
FD and c) LD. 
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3.9 shows the TEM micrographs of such films. The samples were microtomed normal to 
CD, FD and LD in Figures 3.9a, 3.9b and 3.9c respectively. Alternating dark and white 
layers are evident from both Figures 3.9a and 3.9b that represent PMPCS and PS 
domains. It is interesting to observe that the dark areas are not continuous layers. Careful 
examination shows that these dark layers are formed by discrete dark spheres that are 
punctuated by seemingly white intersections. Similar discontinuous dark layers can be 
seen in both Figures 3.9a and 3.9b.  This discontinuity of the dark layers in both FD/LD 
and CD/LD planes suggests the formation of a PL structure. Due to the large volume 
fraction of PS (fPS~0.63), PS punctuates the PMPCS layers and forms the perforation. 
TEM observation is thus consistent with the SAXS results. The in-plane symmetry of the 
PL phase can be unambiguously determined by viewing thin section of the sample along 
LD. Since one PS-b-PMPCS layer is ~ 21.3 nm thick, in order to ensure single layer 
pattern, thin sections with thickness < 15 nm were obtained and the results are shown in 
Figure 3.9c. The inset in the upper-left corner shows the enlarged image of the selected 
area of Figure 3.9c. It is evident that white PS spheres are regularly packed within the 
PMPCS plane and a four-fold symmetry can be clearly seen from the micrograph. An 
average sphere to sphere distance of ~ 30 nm can be estimated from the figure. The 
upper-right corner inset shows a Fast Fourier Transform (FFT) of Figure 3.9c and again, 
a diffraction pattern with a four-fold symmetry axis was obtained. Therefore, we can 
conclude that a tetragonal perforated layer (TPL) structure was formed in PS171-b-
PMPCS32 rod-coil BCP sample, although most of the reported PL structures in BCPs 
have hexagonal symmetry (HPL).25, 203, 204 Figure 3.10a shows a schematic representation 
of the side view of the TPL structure where the dark grey color indicates PMPCS layer 
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Figure 3. 9. TEM micrographs of PS171-b-PMPCS32 microtomed perpendicular to a) 
CD, b) FD and c) LD. 
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and the light color indicates the PS layer. Figure 3.10b shows the top view of the TPL 
structure. Based on the TPL model, PS molecules punctuate and form isolated “islands” 
in the PMPCS layer and these in-plane isolated domains obey a square lattice symmetry 
with a = b = 29.6 nm.  Therefore, the lattice of the perforation can be estimated to be a = 
b = 29.6 nm, and c = 42.7 nm. The equator diffractions in Figure 3.9a can therefore be 
indexed as (002), (004) and (006) while the quadrant diffractions can be indexed as 
(101)/(011) as shown in the figures. Comparing the TPL structure to the “wavy” L 
structure of PS171-b-PMPCS34 (fPS~0.62), it is clear that fPS~0.63 is on the phase boundary 
between L and PL structures for the PS-b-PMPCS having 171 PS repeating units. It 
should also be noted that HPL is known as a metastable phase which can be induced by 
shear. In the present study, the TPL phase might also be a metastable phase, although 
annealing for 3 days (at 145°C) after shearing did not result in any change in the phase 
morphology.  
It is intriguing to observe a tetragonal symmetry of layer perforations.  This is the 
first observation of the TPL structure in high Mn BCPs. On the other hand, theoretical 
work by Qi and Wang suggested that the in-plane structure of the PL phase is not 
necessarily hexagonal.204 In particular, two different PL structures, one based on a 
hexagonal close packed (hcp) lattice and one based on a body centered cubic (bcc) lattice 
(ABAB…… stacking), were proposed. In the bcc based PL structures, square in-plane 
packing was proposed and the authors further pointed out that rectangular arrangement 
might also occur. Our results are consistent with this prediction and the TPL phase can be 
considered as a bcc PL phase “distorted” along the c axis. Furthermore, TPL structure has 
been observed in a series of small molecular LC rod-coil/ coil-rod-coil   systems. It has 
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Figure 3.10. Schematic representation of the a) side view and b) top view of TPL 
morphology in low Mn asymmetric PS-b-PMPCS. 
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been reported that in a coil-rod-coil molecule of 4,4’-bis[4-
methyloxypoly(propyleneoxy)propyloxy-4’-biphenyloxymethyl]biphenyl with a 
poly(propylene oxide) coil, body-centered tetragonal liquid crystalline and crystalline 
phases were observed.  In a similar rod-coil system, tetragonally perforated rod layers 
stacking in ABAB… order was also observed.97, 205 It was shown that rod-coil molecules 
organized into a supramolecular structure having an aromatic core with puck-like 
cylindrical shape. This, in turn, leads to the formation of the oblate aggregates, which is 
believed to be responsible for the formation of a body-centered TPL structure and 
I4/mmm space group has been assigned to this TPL LC phase. In the case of PS-b-
PMPCS, observation of the TPL structure suggests that the PMPCS rods that are formed 
by the extended macromolecules might not possess a perfect cylindrical shape. This leads 
to packing frustration in the PS coils surrounding the C leading to symmetry breaking 
from hexagonal to tetragonal perforation. Although the lack of higher order diffractions 
(lack of perfect ordering due to high PDI in the samples) prevents us from assigning a 
definite space group to the observed TPL structure, the four-fold tetragonal symmetry is 
clear, as evidenced by the TEM and SAXS experiments. 
  
3.4.2. LC phase behavior and hierarchical structure of the low Mn asymmetric LC block 
copolymers 
 
LC phase formation in PS171-b-PMPCS32 asymmetric sample was confirmed by PLM 
experiments. The Schlieren texture was observed at 150 °C and is shown in Figure 3.11a. 
The BCP was hot pressed at 200°C and slightly sheared to increase the mono-domain 
size. The shear direction is parallel to one of the polarizers and the schlieren texture is 
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stable up to 240°C. To investigate the orientation of the macromolecular rods within the 
PL structure, WAXD was conducted on the sheared film. Figures 3.11b and c show the 2-
D WAXD pattern of PS171-b-PMPCS32 film along the CD and FD respectively. Low 
angle diffraction arcs can be clearly seen on the meridian (dark arrows). Similar to the 
symmetric low Mn BCP samples, the low angle diffraction is the signature of the PMPCS 
rods and it represents the diameter of the macromolecular rod. The diffractions have a d-
spacing of ~ 1.5 nm, which is consistent with the macromolecular rod diameter observed 
in homopolymer PMPCS and symmetric low Mn PS-b-PMPCS samples. WAXD patterns 
along both the directions show clearly that these low angle diffractions are located on the 
meridian, leading to the conclusion that the rods are parallel to the L normal which is also 
similar to the columnar orientation observed in low Mn symmetric samples. Additionally, 
along the equator, we can clearly see the amorphous halo in the wide angle region. More 
interestingly, in the regions that are close to the beam stop, sharp diffraction arcs can be 
observed (white arrows) on the equator. These arcs correspond to the SAXS diffractions 
shown in Figure 3.10. Therefore, hierarchical structure from molecular scale packing to 
the BCP ordering can be resolved in a single 2-D diffraction pattern. Figure 3.12 shows 
the schematic representation of the hierarchical structure of the TPL structure of PS171-b-
PMPCS32: strong interaction between the mesogens and the backbone leads to a near 
extended conformation of the PMPCS, which form the macromolecular rods.206 This rod-
coil system self assembles into the TPL structure where PS punctuates the PMPCS layers 
and these perforations possess tetragonal in-plane symmetry. The PMPCS rods are 
parallel to the layer normal of the BCP structures. The hierarchical phase structure of low 
Mn asymmetric samples can thus be classified as ΦN-in-TPL in nature. 
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Figure 3.11. a) Schlieren texture of PS171-b-PMPCS32 at 150°C. 2D WAXD patterns 
with X-rays along b) CD and c) FD. 
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Figure 3.12. Schematic representation of the hierarchical packing scheme of the low 
Mn asymmetric PS-b-PMPCS rod-coil BCPs. 
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3.5 Phase behavior of high Mn poly(styrene-block-(2,5-bis-[4-
methoxyphenyl]oxycarbonyl)styrene)) (PS-b-PMPCS) (Table 2.2 (6)) 
 
3.5.1 Molecular weight dependence of the PL structures and the “degree of perforation” 
In the rod-coil system, Mn of the combining segments also has a substantial 
influence on the final phase structure. In the present study, Mn effect on the BCPs was 
investigated by using PS272-b-PMPCS93, which possesses a symmetric volume fraction 
(fPMPCS ~ 0.52) of PS with an overall molecular weight of ~ 65,860 g/mol. The polymer 
was sheared/annealed using the same methods used for PS171-b-PMPCS32. Figure 3.13 
shows the 2-D SAXS pattern along the CD and FD respectively. The scattering peaks 
possess 1:2:3 ratio with the primary scattering peak suggesting a simple L structure 
formation in the sample. No quadrant diffractions were observed. The lamellar d-spacing 
was ~ 46.5 nm, which, due to the high Mn of PS272-b-PMPCS93, is much larger compared 
to PS171-b-PMPCS32 sample (21.3 nm). Although SAXS suggests L structure in PS272-b-
PMPCS93, TEM experiments of ultramicrotomed sections indicate otherwise, as shown in 
Figure 3.14. Thin films sectioned normal to the CD, FD and LD are shown in Figures 
3.14a, b and c, respectively. In both Figures 3.14a and b, perforation of the PMPCS layer 
(dark region) by PS (light region) is evident. Both images are similar and it is also of 
interest that, compared to Figures 3.9a and b, the frequency of perforations of the PS 
domains in the PMPCS layers is much less frequent; PMPCS forms long strips, instead of 
spheres, as shown in Figure 3.14. The non-uniformity and less frequency of the 
perforations might be the possible reason for the observation of “L-type” diffraction 
pattern in the SAXS experiment (Figure 3.13). Figure 3.14c shows the in-plane 
morphology of the PMPCS layers (film thickness < 15 nm). It is evident that PS (white) 
has perforated into the PMPCS layers and the in-plane packing of the PS domains is 
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Figure 3.13. 2D SAXS pattern of PS272-b-PMPCS93 with X-rays along the a) CD, b) 
FD. 
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relatively random. Observation of limited amount of perforations in Figure 3.14 suggests 
that the structure of PS272-b-PMPCS93 is possibly on the phase boundary between L and 
PL phases. In order to investigate if fine tuning fPMPCS to lower values would lead to a 
TPL structure and to confirm the stability of the PL structure, PS homopolymer was  
blended with PS272-b-PMPCS93. Monodispersed PS with Mn = 5,000 g/mol was dissolved 
in chloroform with PS272-b-PMPCS93 and co-solution cast to obtain polymer blend films. 
Low Mn PS is anticipated to mix in the PS domains and change the BCP morphology. 
Two blend samples were prepared with fPMPCS ~ 0.5 and 0.48 and were named as PS272-b-
PMPCS93-1 and PS272-b-PMPCS93-2, respectively. Figure 3.15 shows the 2-D SAXS 
patterns of the sheared PS272-b-PMPCS93-1 and PS272-b-PMPCS93-2 films along the CD 
and FD. Interestingly, with the addition of PS homopolymer, the d-spacing of the first 
order diffraction along the equator slightly decreased (from 46.5 nm to 45.2 nm to 44.4 
nm). It is also evident that with decreasing fPMPCS (or, increasing the fPS, from PS272-b-
PMPCS93 to PS272-b-PMPCS93-1), the quadrant diffractions, which are the signature of 
the PL structure, became evident (Figure 3.15a). Figure 3.15b shows the FD zone 
diffraction of PS272-b-PMPCS93-1, whose quadrant diffractions are not as evident as that 
in the CD zone pattern. However, both FD and CD zone diffractions from sample PS272-
b-PMPCS93-2 show strong, identical quadrant diffractions (Figure 3.15c and d) indicating 
that uniform perforation occurred in the higher fPS sample PS272-b-PMPCS93-2. 2-D 
SAXS experiment along LD of PS272-b-PMPCS93-2 was also carried out and the result is 
shown in Figure 3.15e and f. Compared to the isotropic LD SAXS pattern observed in the 
asymmetric low Mn PS171-b-PMPCS32, Figure 3.15e clearly shows four diffraction arcs 
and the azimuthal integration in Figure 3.15f shows that these four diffraction arcs are 
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Figure 3. 14. TEM micrographs of PS272-b-PMPCS93 microtomed perpendicular to a) 
CD, b) FD and c) LD. 
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approximately 90° apart, indicating a four-fold symmetry. These diffractions are due to 
the in-plane correlation between the PS domains in the PMPCS layers. The d-spacing of 
the diffraction was calculated to be ~ 62.3 nm. Compared to the isotropic ring-like pattern 
of PS171-b-PMPCS32 a better representative pattern is obtained in the high Mn sample. 
The better orientation obtained in PS272-b-PMPCS93 is possibly due to the more 
anisotropic fluctuation in the high Mn samples. The crystal unit cell for PS272-b-
PMPCS93-2 was calculated and the lattice parameters are: a = b = 62.8 nm and c = 88.8 
nm with a tetragonal symmetry, which is consistent with our previous results in PS171-b-
PMPCS32. Interestingly, compared to PS171-b-PMPCS32 (100) instead of (110) diffraction 
was observed, possibly due to the poor interlayer packing in the blends sample. 
Therefore, all the PL structures observed in the low Mn asymmetric and high Mn 
symmetric PS-b-PMPCS system obey tetragonal, instead of hexagonal, symmetry 
although the lattice parameters are different due to the difference in Mn. The lack of (200) 
in the FD/LD plane diffraction is due to the poor long-range in-plane order of the 
perforated layer.  
TEM experiments were carried out to view the real space features of these unique 
structures. Figure 3.16 shows the TEM micrographs of ultramicrotomed and stained 
sections of PS272-b-PMPCS93-1 and PS272-b-PMPCS93-2. The microtoming direction is 
perpendicular to CD (a, d), FD (b, e) and LD (c, f) respectively. Compared to Figure 
3.14, morphology of these thin sections clearly changed with the addition of small 
amount of PS homopolymer: long, narrow dark strips in Figures 3.14a and b became 
relative uniform dark spheres as shown in Figures 3.16a, b, d, e and the perforation in the 
latter is much “denser”. If we define the “degree of perforation” as the frequency with 
117 
 
 
 
 
     
Figure 3.15. 2D SAXS pattern of PS272-b-PMPCS93-1 and -2 with X-rays along the 
CD (a,c) and FD (b,d). e) 2D SAXS pattern of PS272-b-PMPCS93-2 with X-rays along 
LD f) 1D integration of e). 
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which PS punctuates the PMPCS layers, it is evident that it continuously increases with 
decreasing fPMPCS from 0.52 to 0.48. This also accounts for the observation that the d-
spacing of the L layers decreased with blending PS homopolymer. As the perforations in 
PMPCS layer increase, more molecules fill in the perforations leading to a decrease in the 
lateral dimension of L layers that is manifested as a decrease in d-spacing. Figures 3.16 c 
and f shows the in-plane morphology of PMPCS layers (film thickness < 15nm). PS 
(white) perforations are again clearly seen and more interestingly, compared to Figure 
3.14c, the in-plane view in Figures 3.16c and f also shows that the perforations are denser 
and more regular. In Figure 3.16f, square lattice can be clearly seen. TPL structure can 
thus be further confirmed in real space which supports the SAXS results.  Figure 3.17 
shows the schematic representation of the morphological changes from L to PL structure 
as a function of fPS, viewed along CD and LD (patterns along FD and CD should be 
identical). Figures 3.17a and d represent the L phase while Figures 3.17 b, c, e, f are the 
PL structures. Starting from the L structure, as fPS increases, PS first stretches along the 
interface normal to accommodate the increasing fPS. This conformation change can only 
be tolerated to a certain degree of fPS and at this critical volume fraction of PS ( PScf ), PS 
starts to perforate the PMPCS. At the onset of perforation, only a few PS molecules were 
able to punctuate through the PMPCS layer and the “degree of perforation” is low. The 
position of the punctuations is also random (Figures 3.14c and 3.17e). At this stage, due 
to the low volume fraction of PS in the PMPCS layer, regular packing of the PS 
“domains” was not achieved and thus the SAXS pattern is similar to that of a simple L 
phase. When fPS increases to the perforated layer region, massive perforation occurs and 
PMPCS layers as shown in Figures 3.17c and f and a PL structure is therefore obtained. 
119 
 
 
 
   
 
 
Figure 3. 16. TEM micrographs of PS272-b-PMPCS93-1 and PS272-b-PMPCS93-2. The 
microtoming direction is perpendicular to CD (a, d), FD (b, e) and LD (c, f) 
respectively. 
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Note that in Figures 3.17c and f, packing of the PS domains possesses a tetragonal 
symmetry. This PL rod-coil structure can also be viewed as the packing of “hockey puck” 
structure which was predicted from theoretical calculation.207   
  
3.5.2 Influence of Mn on interfacial area and the phase behavior 
It is interesting to note that the TPL structure was observed at low fPMPCS (~0.37) 
in asymmetric low Mn PS171-b-PMPCS32 whereas in high Mn PS272-b-PMPCS93 the TPL 
structure was observed in relatively symmetric samples (fPMPCS ~50% and 48%). This 
dramatic shift of phase transition boundary between L and PL phase with Mn can be 
explained based on the unique packing mechanism in rod-coil BCPs as shown in Figure 
3.18. In rod-coil BCPs, in addition to N and χ, Arod and Acoil (or their ratio, ν) play a 
critical role in the formation of final structure. The rigid nature of the rod block prefers a 
flat IMDS than the highly curved ones (such as that in a double gyroid phase). In the 
present case, PMPCS rods are perpendicular to the IMDS of rod-coil BCPs. As long as 
APMPCS ~ APS, L structure (SmA or SmC) is stable. However, as APS becomes much larger 
than APMPCS (as a result of increase in Mn) stretching of the coil polymer chain 
perpendicular to the IMDS occurs and this stretching cannot accommodate the 
differences between APMPCS and APS.  As a result, the excessive PS molecules start to 
punctuate the PMPCS layer and the L symmetry is broken. Arod and Acoil play a critical 
role in the phase formation of rod-coil BCPs. The mismatch between APS and APMPCS at 
the interface leads to instability of L phase. We can define the “reduced area per 
junction” of the PS coil chain as PSRA  = APS/APMPCS. Note that a higher AR corresponds to a 
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Figure 3. 17. Schematic representation of the morphological changes from L to PL 
structure as a function of fPS, viewed along CD (a,b,c) and LD (d,e,f). 
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larger area per junction mismatch between coil and rod, which results in instability of the 
L phase. We can further define the “critical reduced area per junction” as RcA  which 
represents the area per junction ratio between the coil and the rod blocks at the phase 
boundary between L and PL phases. The corresponding critical volume fraction is 
defined as fc. In a given fPMPCS, since APS increases with Mn while APMPCS does not, AR 
therefore increases with Mn. In the present case, assuming strongly segregated L 
diblocks, the area per junction of PS (APS) varies as 0.14 M1/3 nm2, (M: molecular weight, 
g/mol).104 For PS with Mn of 17,800 g/mol, (the case of PS171-b-PMPCS32), APS is ~ 3.66 
nm2. APMPCS (which can be estimated to be ~ 2 nm2 based on the diameter of the rod) does 
not change with Mn. PSRA  is thus approximately 1.83 (Figure 3.18a). Assuming a PS-b-
PMPCS with ~ 93 repeating units of PMPCS (same as the sample PS272-b-PMPCS93), 
keeping fPMPCS ~ 0.37 (as that in PS171-b-PMPCS32) leads to PS497-b-PMPCS93 (Figure 
3.18b). PSA for this sample is ~ 5.21nm2 and PSRA  is ~ 2.6, which is much larger than 1.83, 
indicating a substantial area per junction mismatch between PS and PMPCS molecules. It 
is thus envisaged that L phase is not stable at PSRA  ~2.6 and the phase boundary should 
shift to a lower PSRA , which corresponds to a higher PMPCScf . Our experimental observation 
shows that for BCP with PMPCS93 block, PMPCScf shifts dramatically from 0.37 to 0.50, 
leading to PS272-b-PMPCS93 (Figure 3.18c) with an APS ~ 4.27 nm2 and PSRA  ~ 2.13. The 
dotted line in Figure 3.18 is a schematic representation of the phase boundary between 
the L and PL phases.206 
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Figure 3.18. Shift in phase transition boundary from L to PL phases as a function of 
Mn. 
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3.6 Thermal stability of PS-b-PMPCS 
The phase behavior of PS-b-PMPCS samples cooled from melt revealed that L is 
the most predominant morphology at room temperature. Due to the strong interactions 
between rigid macromolecular PMPCS rods, LC ordering dominated microphase 
separation process and morphologies with flatter interfaces, such as L in low Mn 
symmetric and PL in low Mn asymmetric and high Mn samples, were observed. 
Domination of LC ordering over microphase separation was also observed in other 
RCBCP systems where flatter interface requirement of the rods led to degenerate 
morphologies such as arrow-head and mushroom shaped aggregates etc.104, 106, 119-122 
The influence of temperature on the BCP morphology and LC behavior was 
studied using in-situ SAXS, PLM and TGA experiments. Figure 3.19a is the TGA plot 
showing the % weight loss of PS109-b-PMPCS27 in air as a function of temperature. From 
the TGA data, the thermal degradation temperature (defined by the temperature at which 
5wt% of sample weight is lost) is ~344°C for PS109-b-PMPCS27 indicating that the 
sample is stable up to high temperature. Figure 3.4e shows the PLM image of the sample 
taken at 150°C. The N LC phase birefringence was stable up to 240°C. In-situ SAXS was 
performed to monitor the changes in L morphology of the sample by heating the sample 
from 80°C to 250°C and collecting X-ray data every 10°C. Before collecting the  data, 
the sample was allowed to stabilize at the temperature for a few minutes. Figures 3.19b 
and c show heating and cooling plots obtained from in-situ thermal SAXS results 
respectively. In Figure 3.19b, the second order scattering (q~0.718nm-1) of the primary 
scattering peak (q0~0.359nm-1) disappeared at ~180°C and the intensity of the primary 
peak decreased. At the same temperature, a shoulder and its second order appear in the 
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plot. Furthermore, at ~220°C, the primary scattering peak shifts to lower q values and the 
shoulder becomes prominent with increase in temperature. Up on cooling from 250°C to 
80°C (Figure 3.19c), the primary peak has moved to q0~0.275nm-1 with a second order 
scattering at q~0.55nm-1 and the shoulder developed into a discrete peak at q~0.382nm-1 
with second order scattering appearing at ~200°C. The prominence of the q~0.382nm-1 
and its higher order scatterings indicates that two types of L layers with different 
thickness are present in the sample. TEM was used to observe these two L morphologies 
and their coexistence in the sample and Figures 3.20a and b show the TEM of non-heat-
treated and heat-treated samples respectively. L morphology with uniform thickness was 
observed in the non-heat-treated sample. In the heat-treated sample, two different L 
thicknesses were observed similar to the SAXS observation. Based on the SAXS, TEM, 
PLM and TGA results, the sample is characterized by L morphologies of two different 
thicknesses: low temperature L morphology is stable at room temperature, whereas 
higher temperature L morphology can be achieved by heating the sample beyond 180°C. 
Once the high temperature L morphology is formed, it is retained even upon cooling. The 
scattering peak corresponding to low temperature L becomes predominant as the sample 
is cooled below 190°C and is characterized by a remarkable increase in its intensity 
below 190°C. The observed increase in the size of the BCP L domains might be brought 
about by reorganization in the LC phase. For example, the persistent length of the 
macromolecular column might be increased due to conformational changes associated 
with temperature or the LC rods might be undergoing a phase transition from an 
interdigitated to a bilayered structure, leading to an increase in the size of L domains. 
Additionally, the non-uniformity of the increase in domain space is also not clear. The 
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Figure 3.19. a) TGA of PS109-b-PMPCS27 in air. In-situ SAXS on the sample b) 
heating cycle and c) cooling cycle. 
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Figure 3.20. TEM micrographs of a) unheat-treated and b) heat-treated PS109-b-
PMPCS27. 
 
Table 3.3. Hierarchical phase structures of PS-b-PMPCS system. 
  
100 nm
a
200 nm
b
Sample Hierarchical phase structure
PS109-PMPCS27 (1) ΦN-in-L
PS109-PMPCS41 (2) ΦN-in-L
PS171-PMPCS34 (3) ΦN-in-L
PS227-PMPCS47 (4) ΦN-in-L
PS171-PMPCS32 (5) ΦN-in-TPL
PS272-PMPCS93 (6) ΦN-in-PL
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fact that these macromolecular columns are not uniform cylindrical rods and also the PDI 
of the samples is high might be contributing factors to this non-uniformity. Segalman et 
al. have also observed a similar increase in the domain spacing in weakly segregated PI-
b-PPV RCBCP system as a function of temperature. The increase in L d-spacing is more 
for samples with high frod.  Although the reason for the increase in d-spacing is not 
completely understood, the authors comment that it might be due to a rearrangement of 
the LC phase.138, 140  
In summary, the BCP phase structure in PS-b-PMPCS is simple L and PL in low 
Mn symmetric and low Mn asymmetric/high Mn samples respectively. The PL structure is 
characterized by tetragonal in-plane symmetry of the PS chains in PMPCS domains. The 
fPMPCS at which the TPL structure occurs changes with Mn. PMPCS form rigid 
macromolecular columnar structures that are oriented parallel to the BCP L and PL 
IMDS. Strong interactions between PMPCS rods led to the domination of LC ordering 
over microphase separation process resulting in BCP phase structures with flat interfaces. 
The LC phase is ΦN in all the samples and is stable up to high temperature. Table 3.3 
shows the list of hierarchical phase structures in PS-b-PMPCS system. 
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CHAPTER 4. PHASE BEHAVIOR OF THE CORE-SHELL “ROD-COIL” MJ-
LCBCPS WITH BENT-CORE MESOGENS 
 
4.1 Introduction 
In the PS-b-PMPCS MJ-LCBCPs, strong interactions between the rods led to the 
domination of LC ordering over microphase separation resulting in morphologies with 
flat interfaces even at asymmetric fcoil. It would be interesting to investigate if reducing 
the rod-rod interactions in MJLCPs would facilitate domination of microphase separation 
over LC ordering. As mentioned earlier, the advantage of using MJ-LCP macromolecular 
rod as the LC block compared to other rod-coil systems is the flexibility (number of 
variables) this system offers to study the influence of rod length (Mn), its surface 
chemistry (introduce alkyl tail to the mesogens) and rod diameter (chemistry of the 
mesogen) on the BCP phase behavior. While the influence of the rod length was 
investigated in the PS-b-PMPCS system by using low and high Mn samples, this part of 
the dissertation is aimed at investigating the influence of altering all three variables (Mn, 
surface chemistry and mesogen chemistry) in a single system. Attaching long alkyl tails 
to mesogens leads to the formation of a shell type of architecture around the mesogen 
core during the process of macromolecular rod formation in MJ-LCPs as shown in Figure 
4.1a. This leads to the formation of a core-shell MJLCP where the surface chemistry of 
the macromolecular columns is altered. The shell structure reduces rod-rod interactions 
and when incorporated as the LC block in MJ-LCBCP, would facilitate the investigation 
of this reduced rod-rod interactions on the overall BCP phase behavior. This chapter of 
the dissertation provides details of the results and discussion of core-shell MJ-LCBCPs. 
Prior to introducing core-shell MJ-LCPs as one of the blocks in BCP, MJ-LCPs with 
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different tail lengths (shell thickness) were investigated and the effect of the length of the 
soft tail on the LCP phase behavior is established (shown in Table 2.1a (b,c)). Based on 
the resulting phase behavior, two MJ-LCPs with different tail lengths (10 and 14 carbon 
alkyl tails) were selected and introduced as the rod block with PS as the coil block, 
forming core-shell MJ-LCBCPs with different shell thickness. Following is the phase 
behavior of monomers, polymers and BCPs formed by these core-shell molecules. 
 
4.2 Phase behavior of [3,5-bis[(4’-((4’’-alkanoylbenzoyl)oxy)benzoyl)oxy]styrene] 
(ABOS) monomers and polymers (Table 2.3) 
 
In addition to altering the surface chemistry of the macromolecular rods by 
achieving core-shell structure with different shell thickness (length of alkyl tail), this part 
of the project is also concentrated on altering the diameter of the macromolecular 
columns. Hence mesogens based on three- and five- benzene rings were synthesized, 
which, upon formation of macromolecular columns, possess different columnar 
diameters. Within the 3-ring and 5-ring systems, the length of the tails is also altered to 
obtain an optimum tail length for each of these systems. Consequently, 3-ring systems 
with tails consisting of 1-6 carbon alkyl tails (T-ABn, n=1-5) and 5-ring systems with 
6,8,10,12,14 and 16 carbon alkyl tails (F-ABOSn, n=6-16) were prepared and detailed 
study into the phase behavior of the monomers and polymers was conducted prior to 
introducing them into the BCPs. Table 2.3 shows the sample information. 
Another important feature of this 3-ring and 5-ring mesogens is the shape of the 
molecule compared to the linear MPCS mesogen. By changing the substitution position 
of the central benzene ring from 2,5 position to 3,5 position, a bent-core mesogen can be 
achieved instead of a linear mesogen as shown in Figure 4.1b and c. BCLCs are an 
131 
 
important class of LC materials as they exhibit rich LC behavior with unique properties 
compared to the calamatic LCs and their phase behavior is discussed in 1.1.3.1.65, 67, 69, 70, 
208-211 In addition to exploring the mesomorphic properties of bent-core molecules, bent-
core MJLCPs also allows us to explore the influence of subdued jacketing effect. 
Compared to the linear MPCS molecule, since the mesogen is farther away from the 
polymer backbone, the jacketing effect can be expected to be reduced. 
 
4.2.1 Phase behavior of three-ring (5-Vinyl-1,3-phenylenebis[(4-alkoxy)benzoate] (T-
ABn)) and five-ring [3,5-bis[(4’-((4’’-alkanoylbenzoyl)oxy)benzoyl)oxy]styrene] (F-
ABOSn)) monomers 
 
A combination of DSC, PLM and WAXD were used in the analysis of phase 
behavior of the monomers of the three-ring and five-ring BCLCs. Monomers of the 3-
ring samples did not exhibit any mesomorphic behavior as observed in the DSC and PLM 
experiments indicating no LC phase is formed in the samples irrespective of the tail 
length. This is a very interesting observation given that the monomer of the linear 
mesogen, MPCS, showed N LC phase behavior as shown in Figure 3.1b. The only 
difference between these two mesogens is substitution position (3,5 in T-ABn vs 2,5 in 
MPCS as shown in Figure 4.1b,c), which seems to have a remarkable influence on the 
phase behavior. This indicates the necessity of a linear shape of the three-ring mesogen 
for the molecule to exhibit of LC behavior. This might be due to the fact that linear 
molecules are more effective in assisting the polymer backbone retain shape anisotropy 
than the bent-core molecules, which is a key requirement for a molecule to exhibit liquid 
crystallinity. 
132 
 
Among the 5-ring monomers, only samples with relatively long alkyl tails (n=14 
and 16) exhibited LC behavior. Figure 4.2a shows the DSC plot of F-ABOS14 and 16 
which show a monotropic LC behavior i.e. the LC phase only occurs in the cooling cycle. 
The high temperature peak is the TI-LC whereas the low temperature peak is the Tc. PLM 
results support the DSC observation and Figure 4.2b shows the PLM obtained while 
cooling F-ABOS14 from melt. LC fringe patterns were observed as shown in the image. 
To understand the nature of the LC phase, WAXD was performed on the sample as a 
function of temperature and the results confirm that the LC phase of F-ABOS is 
monotropic in nature. Figure 4.3a shows the WAXD pattern of F-ABOS14 where the 
room temperature crystalline phase (characterized by sharp diffraction peaks in the low 
angle and wide angle regions) is transformed into an isotropic phase at ~95°C. Cooling 
from the melt results in the formation of double peaks (denoted by arrows) possessing a 
ratio of 1:2:3 in the low angle region and an amorphous halo in the wide angle region 
indicating a liquid-like orientation in the LC temperature region. Figure 4.3b shows a 
magnified image of the low angle region of Figure 4.3a. Double diffraction peaks are 
evident at q~1.5,1.64; 3.09,3.32 and 4.69, 4.99nm-1 indicating the formation of Sm type 
of LC phase. The d-spacing (4.18nm) corresponding to the primary peak is smaller than 
the molecular length of the mesogen with an extended chain conformation. Previous 
report on a similar 5-ring system assigned SmCP (SmC denotes the layers are tilted with 
respect to the layer normal and P indicates polar order) LC phase to the system.212 
However, in the present system double peaks are clearly evident from the WAXD results. 
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Figure 4.1. a) Core-shell structure formation in BMJ-LCPs. Difference in the 
substitution positions of the central benzene ring gives rise to b) linear and c) bent-
core molecules. 
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Figure 4. 2. a) DSC thermograms of F-ABOS14 and F-ABOS16 monomers. b) PLM 
of F-ABOS14 wile cooling from melt. 
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Figure 4.3. a) WAXD pattern of F-ABOS14 as a function of temperature. b) 
Magnified image of the low angle region in the LC phase. 
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Double peaks are an indication of the presence of in-plane undulations.69 Based on the 
WAXD results, q~1.5 and 1.64nm-1 diffractions are assigned as (10) and (11) and the 
wave-length of the undulations can be calculated as ~9.59nm-1. The Sm LC phase might 
belong to SmCG (G stands for generalized) with triclinic symmetry as suggested by 
deGennes and is shown in Figure 4.4.61, 213, 214 Figure 4.4a shows the schematic 
representation of the possible packing of bent-core molecules in Sm layers where n is the 
direction of the Sm layer normal, P is the polarization direction, and m is the direction 
perpendicular to the molecular plane.214 The dark and bright grey shades in the figure 
indicate that the molecule is tilted in and out of the plane of the paper respectively. 
SmCG is the represented by Figure 4.4a (iv) where the molecule possess two types of tilts 
with respect to n: clinic tilting (tilt of the molecular plane) and leaning (tilt of the layer 
polarization). This results in orientation of the molecule such that none of its principle 
axis (molecular axis, m and P) is either parallel or perpendicular to the Sm layers. 
Compared to the four types of states in SmCP phase described in Section 1.1.3.1, the 
SmCG phase results in eight structures due to the leaning of P between layers (synleaning 
and antileaning as described by the authors) as shown in Figure 4.4b.214 <P> indicates the 
direction of the polarization vector and the molecular ends with nails are protruding out 
of plane of the paper. This leads to undulations in the Sm layers perpendicular to the 
layers as shown in Figure 4.4c (note that the authors denote layer normal as S).69 Periodic 
modulation of these undulations appear as doublets in X-ray diffraction experiments 
similar to those observed in Figure 4.3b. Additionally, at q~0.75nm-1, a low intensity 
peak is clearly visible indicating the formation of a bilayered structure since it is exactly 
half of q~1.5nm-1. Based on these observations, the LC phase in the 5-ring monomers can 
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Figure 4. 4. a) Possible arrangements of bent-core molecules in Sm layers, b) Eight 
types of structures in SmCG phase,214 c) modulated layer structure with modulation 
parallel to the Sm layer normal.69  
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be assigned SmC~ G2 (SmC represents the mesogens are tilted with respect to the layer 
normal ~ represents undulated and 2 represents the bilayer).  
 
4.2.2 Mesomorphic Properties of the Polymers of Three-Ring BMJLCP System: (T-
PABn) 
 
Figure 4.5a shows the DSC plots of T-PABn samples which show a single Tg 
between ~77°-133°C for all the samples. No other thermal transitions are evident from 
the plots. In-situ thermal powder WAXD on T-PAB4 sample cooled from 180°C (Figure 
4.5b) shows a single low intensity peak with d-spacing ~1.85nm in the low angle region 
and an amorphous scattering halo in the wide angle region. Compared to the non-
mesomorphic behavior of the corresponding monomers, T-PAB samples exhibit LC 
behavior. In order to obtain a better WAXD pattern, the sample was sheared and was 
subjected to 2D WAXD. Figures 4.6a and b show the 2D pattern and its 1D integration. 
Four diffraction arcs are present along the equator, which are an indication of 
macromolecular columnar structure in MJ-LCPs. The ordering has improved in the 
sheared sample compared to the powder sample and the higher order diffractions possess 
a ratio of 1:1.48:2.16:2.52 with respect to the primary scattering peak. The scattering 
peaks are indexed as (11), (20), (13) and (04) based on a 2D rectangular lattice indicating 
that a columnar rectangular (ΦR) LC phase is formed in T-PABn. The rectangular lattice 
is calculated as a=2.5nm and b=2.76nm. Based on the fact that h + k =2n for all the (hk0) 
reflections, the 2D rectangular structure can be assigned c2mm symmetry. Comparison of 
the broad peaks of T-PAB4 ΦR with the sharper PMPCS peaks indicates that the 
macromolecular rods might not be uniform in T-PAB4. This might be due to the weaker 
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Figure 4. 5. a) DSC thermograms showing the Tg of three-ring polymers (T-PABn). b) 
Thermal WAXD results obtained from T-PAB4. 
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Figure 4. 6. a) 2D WAXD pattern of sheared T-PAB4 and its integration (b). 
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jacketing effect of the 3,5 substituted mesogen compared to that of PMPCS. In the case 
of T-PABn, the polymer backbone might possess more segmental motion leading to the 
lack of structural rigidity in the macromolecular rods.  
 
4.2.3 Mesomorphic Properties of the Polymers of Five-Ring BMJLCP System: F-
PABOSn. 
  
Figure 4.7a shows the DSC heating thermograms obtained from F-PABOSn. All 
the samples show Tg in the range of ~114°-140°C whereas samples with n=6 and 8 show 
endothermic peak at 210-240°C. The endothermic peak might be due to the lack of 
proper molecular packing in the samples because of smaller tail lengths. Birefringence 
was observed in all the samples under PLM upon heating, indicating LC behavior, which 
was retained until the sample degradation temperature (Table 4.1a). The birefringence 
was brighter in samples with n=14 and 16 as shown in Figure 4.7b for F-PABOS14, 
which exhibited a Schlieren texture. 
The LC phase structure is evaluated using WAXD and Figure 4.8a shows the 1D 
WAXD plot of F-PABOS6-12. From the plots, two points are clearly evident with the 
increase in tail length: the intensity of the diffraction arcs in the low angle region 
increased remarkably and the higher order peaks became more evident. Samples with n=6 
and 8 show the least amount of order with broad peaks. This lack of regular molecular 
packing was also observed in the DSC results which show a high temperature 
endothermic peak. Figure 4.8b shows the thermal WAXD of F-PABOS14 and 16 with 
strong primary scattering peak and higher order peaks. Figures 4.8c,d show the in-situ 
thermal WAXD of F-PABOS14 where the LC ordering improved with the increase in 
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Figure 4. 7. a) DSC thermograms of F-PABOSn. b) PLM showing Schlieren texture 
of F-PABOS14. 
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temperature. Higher order peaks appear at ~160°C and are retained in the cooling cycle 
suggesting highly ordered LC structure formation. 2D WAXD results of sheared (shear 
direction shown in the figure) F-PABOSn (n=8-16) are shown in Figure 4.9 (a-e). 
Diffraction arcs along the equator, indicating MJ-LCP macromolecular rod formation and 
their orientation parallel to the shear direction, are observed in all the samples. The d-
spacing of the primary diffraction peaks is 3.00, 3.28, 3.37, 3.54, and 3.62 nm for 
n=8,10,12,14 and 16 respectively. Higher order diffractions occur at q~2.09 and 3.28nm-1 
(1:1.57); 1.91 and 2.77 nm-1 (1:1.45); and 1.86 and 2.94nm-1 (1:1.58) for n=8, 10 and 12 
samples. The ratio between the first order and the primary peak are similar to that 
observed in T-PAB4. A ΦR can thus be assigned to these samples and the lattice 
parameters are shown in Table 4.1b. Interestingly, higher order diffractions (up to four 
orders) are observed in samples with n=14 and 16, which possess a ratio of 1:√3:√4:√7 
with the primary diffraction indicating a hexagonal symmetry among the macromolecular 
rods and hence a ΦH LC phase can be assigned to these samples with the lattice 
parameters as shown in Table 4.1b.  
All the samples were annealed above their Tg in order to obtain better ordering 
and an interesting observation was made in the phase behavior of F-PABOS12 during the 
annealing process. Un-annealed F-PABOS12 exhibited ΦR phase whereas annealed F- 
PABOS12 showed dramatic improvement in the ordering displaying six diffraction arcs 
that possess 1:√3:√4:√5:√7:√9 ratio with respect to the primary scattering (Figure 4.10 
shows WAXD pattern of annealed F-PABOS12) indicating the transformation from ΦR to 
ΦH LC phase. All other samples retained their original phase behavior. Two important 
facts are clear based on this observation: longer tails improve LC ordering in BMJ-LCPs 
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Figure 4. 8. a, b)WAXD plots comparing F-PABOSn. c, d) In-situ thermal WAXD of 
F-PABOS14. 
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Table 4. 1. Thermal degradation temperature of the three- and five-ring polymers 
obtained from TGA. 
 
 
Table 4. 2. LC phase structures and lattice parameters of F-PABOS. 
 
Polymer Td
T-PAB1 436
T-PAB2 438
T-PAB3 447
T-PAB4 447
T-PAB5 454
F-PABOS6 450
F-PABOS8 447
F-PABOS10 445
F-PABOS12 445
F-PABOS14 455
F-PABOS16 442
Polymer Diffraction q
a
(observed, 1/nm) LC phase
Lattice parameters 
(nm)
F-PABOS8 2.09, 3.28 ΦR a = 3.83, b =4.83
F-PABOS10 1.91, 2.77 ΦR a = 4.53, b =4.79
F-PABOS12
(as sheared) 1.86, 2.94 ΦR a= 4.27, b = 5.51
F-PABOS12 
(annealed)
1.88, 3.26, 3.77, 
4.21, 4.97, 5.67 ΦH a = 3.89
F-PABOS14 1.77 , 3.05, 3.54, 4.64, 5.31 ΦH a = 4.09
F-PABOS16 1.73, 2.92, 3.43, 4.53 ΦH a = 4.29
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Figure 4. 9. 2D WAXD patterns of sheared F-PABOSn. 
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Figure 4. 10. Improved ordering in annealed F-PABOS12 exhibiting ΦH LC phase. 
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and tail length with n=12 is on the phase boundary for the transformation of ΦR Æ ΦH. 
The improvement in the LC ordering with tail length is attributed to the softness of the 
shell that facilitates better packing of the macromolecular rods. Figure4.11a,b show the 
two packing schemes of BMJ-LCPs. The ΦR is similar to the biaxial N (Nb) LC phase 
observed in small molecule LC systems.75, 215-217 Nb phase is induced due to the shape 
biaxiality of the mesogen. In the present case, the shape biaxilaity of the BCLC mesogen 
might be translated to polymers in samples with small tails, leading to the observation of 
ΦR LC phase. In the samples with longer tails, the effect might have been subdued by the 
thicker shells leading to phase transition into ΦH. Since F-PABOS10 (referred to as 
PDBOS hence forth) and F-PABOS14 (referred to as PTBOS hence forth) exhibit stable 
well ordered ΦR and ΦH LC phases, they were chosen as rod block to form BMJ-
LCBCPs. Following is the detailed analysis of the phase behavior of these BCPs.  
 
4.3 Phase behavior of poly[styrene-block-{3,5-bis[(4’-((4’’-
decanoylbenzoyl)oxy)benzoyl)oxy]styrene}] (PS-b-PDBOS) system 
 
Table 2.4 (10,11) shows the sample information such as Mn, PDI and fPDBOS of the 
two PS-b-PDBOS samples investigated. PS192-b-PDBOS51 contained higher fPDBOS 
compared to PS195-b-PDBOS14. Figure 4.12a shows the DSC thermograms of PS-b- 
PDBOS at a heating rate of 20°C/min of slowly cooled (2°C/min) samples. Two step 
transitions are clearly evident in PS192-b-PDBOS51 at ~98.1°C and ~145.1°C respectively 
corresponding to the Tg of PS and PDBOS respectively whereas in PS195-b-PDBOS14, 
only a single transition is seen at ~101.6°C corresponding to the Tg of PS. TgPDBOS in 
PS192-b-PDBOS51 is higher than the Tg of corresponding homopolymers (MnPDBOS = 
149 
 
 
 
 
 
 
 
Figure 4. 11. Schematic representation of the packing scheme in a) ΦR and b) ΦH 
forming BMJ-LCPs. 
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Figure 4.12. DSC thermograms of PS192-b-PDBOS51 and PS195-b-PDBOS14. 
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141,000g/mol exhibited Tg ~ 134°C) due to mutual confinement effect of PS and PDBOS 
chains in BCP nanodomains leading to restricted polymer movement and higher Tg. It is 
interesting that no obvious TgPDBOS is observed in PS195-b-PDBOS14 which might be due 
to the low MnPDBOS.  
 
4.3.1 BCP phase structures 
Figures 4.13a and b show the SAXS pattern PS192-b-PDBOS51 obtained with X-
rays along the CD and FD respectively. Along the FD/LD plane, scattering arcs are 
located along the equator. These scattering arcs possess a ratio of 1:2:√7:3 with respect to 
the primary scattering peak (q~0.241nm-1). When the X-rays are along FD, a six-fold 
symmetric scattering pattern is evident with up to 5 higher order scatterings that possess a 
ratio of 1:√3:2:√7:3 with respect to the primary scattering peak (q~0.232nm-1). The six-
fold symmetric pattern indicates that the BCP pattern in the sample is C in nature and the 
presence of higher order scatterings demonstrates that the C morphology is highly 
ordered in the CD/LD plane. Based on the SAXS patterns along the FD/LD and CD/LD 
planes, it is concluded that the C long axis is oriented parallel to the FD which is 
commonly observed in C forming coil-coil samples.13 However, in our sample, one of the 
block is MJLCP and the observation of C morphology indicates that the flatter interface 
requirement of the rigid macromolecular rods is not the dominating factor in the final 
structure formation. In PS192-b-PDBOS51, fPS = 0.34 which is in the range of f values in 
which C morphologies are observed in coil-coil samples. Based on the fPS it is clear that 
the matrix of the C phase is PDBOS while PS C form the minority domains. In order to 
observe the C morphologies in real space, the sample was microtomed and TEM was 
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performed. Figures 4.13c and d show the FD/LD and CD/LD planes respectively. Along 
the FD/LD plane, the C stems can be seen arranged in a layer like fashion whereas along 
the CD/LD plane, the head-on image of the C can be seen. Since the microtomed sections 
were stained with RuO4 to enhance contrast and the minority domains are darker than the 
matrix, it is clear from TEM that PS domains are being stained. The inset in Figure 4.13c 
shows a schematic representation of the orientation of PS C with respect to the sample 
shear geometry. The bottom right inset of Figure 4.13d shows the FFT of the TEM image 
and it resembles the SAXS pattern whereas the left top inset of Figure 4.13d is a 
magnified image showing the C orientation. Thus the global and local orientational order 
of the C morphology can be confirmed from SAXS and TEM results The formation of 
morphologies with curved interfaces might have been further facilitated by the fact that 
the it is easier to pack flexible PS into the minority C phase compared to PDBOS 
segments. In order to investigate if PTBOS C could be formed, phase behavior of PS195-
b-PDBOS14 was investigated where fPDBOS is exactly reversed. In this sample, PDBOS 
forms the minority domain with fPDBOS = 0.34. Figures 4.14a and b show the SAXS 
patterns obtained from sheared PS195-b-PDBOS14 with the X-rays along CD and FD 
respectively. Up to 7 orders of scattering arcs are present along the equator in both the 
figures. These scattering arcs possess a ratio of 1:2:3:4… with respect to the primary 
scattering peak (q~0.21nm-1) indicating the formation of a highly oriented L morphology. 
Location of the L scattering arcs along the equator in CD and FD zones indicates that 
these BCP L are oriented parallel to the shear plane (FD/CD) with the L normal parallel 
to LD. Figures 4.14c and d show the real space TEM images of the L morphology. Thus, 
reversing fPDBOS (0.34) such that PDBOS forms the minority domain did not lead to the 
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Figure 4.13. 2D SAXS pattern PS192-b-PDBOS51 obtained with X-rays along the a) 
CD and b) FD. Continued on next page; TEM images showing the c) FD/LD and d) 
CD/LD planes of the sample. (Figure 4.13 continued) 
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Figure 4.13 TEM images showing the c) FD/LD and d) CD/LD planes of the sample. 
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Figure 4.14. 2D SAXS pattern of PS195-b-PDBOS14 with X-rays along the a) CD, b) 
FD. c) and d) are the corresponding TEM images. 
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formation of PDBOS C morphology as anticipated  but instead formed L phase even at 
such high asymmetry (indicating that the phase morphologies of this rod-coil system will 
not be symmetric as a function of fPDBOS, as observed in many LCBCP systems).97, 104, 138, 
140  
 
4.3.2 LC phase behavior and thermal stability 
WAXD experiments were performed on the samples to study the phase behavior 
of PDBOS. Figures 4.15a and b show the WAXD pattern obtained along the FD/LD and 
CD/LD planes of PS192-b-PDBOS51. In both the plots, weak low angle ring like patterns 
(q~2.03nm-1) are evident along with even weaker second order scattering (q~3.2nm-1). 
The low angle peaks are an indication of the formation of macromolecular columns in 
MJLCP systems as seen in PS-b-PMPCS samples and PABOS homopolymers.  Although 
the BCP C possessed well oriented long range ordered structure, observation of ring like 
patterns in the WAXD indicates that proper ordering of the macromolecular columns was 
not obtained in the samples. This observation is not surprising because as PDBOS forms 
the matrix with PS as the C, the macromolecular columns are forced to arrange along the 
C with their columnar axis parallel to the C radial direction. In such an arrangement, the 
in-plane symmetry between the molecular columns is not maintained leading to ring-like 
diffraction patterns representative of a ΦN LC phase. This clearly indicates that 
microphase separation process dominated LC ordering. Thus the purpose for designing 
the core-shell architecture (reduction in rod-rod interactions by the shell structure thereby 
providing an opportunity for microphase separation to dominate LC ordering) is 
achieved. Figure 4.16a shows the PLM image of slightly sheared PS195-b-PDBOS14 at 
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Figure 4.15. 2D WAXD patterns PS192-b-PDBOS51 with X-rays along the a) CD and 
b) FD. 
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Figure 4. 16. a) PLM image of PS195-b-PDBOS14 at 150°C. b) TGA result obtained 
from the same sample. In-situ thermal SAXS results obtained from c) heating cycle 
and d) cooling cycle. 
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150°C. Strongly birefringent texture is clearly evident in the image which is stable up to 
370°C. TGA on the sample (Figure 4.16b) shows that the 5%wt. loss temperature 
(sample degradation temperature) is around 332°C. WAXD results did not show any 
form of LC ordering in the sample. Figures 4.16c and d show the in-situ thermal SAXS 
results obtained from PS195-b-PDBOS14. Starting at 80°C, as temperature is increased the 
primary scattering peak (q~0.208nm-1) and the higher order scatterings shift to lower q 
values as a function of temperature. The sample was heated up to 260°C where q0 
reached 0.157nm-1. The scattering intensity did not reduce indicating TODT was not 
reached. Upon cooling, this q0~0.157nm-1 was maintained all the way till 80°C. Based on 
the WAXD, SAXS and PLM results, since no LC phase can be detected in the sample, 
the birefringence was due to the BCP phase structures. The reason for no LC ordering in 
the sample, although homopolymer PDBOS showed ΦR LC phase, might be due to the 
low MnPDBOS (12,600 g/mol) which is not sufficient to form an ordered LC phase 
although the structural anisotropy and rigidity of the molecules is strong enough to 
prevent their packing into curved interfaces. 
  
4.4 Phase structures of poly[styrene-block-{3,5-bis[(4’-((4’’-
tetradecanoylbenzoyl)oxy)benzoyl)oxy]styrene}] (PS-b-PTBOS) system (Table 2.4 
(1-9)) 
 
Although the core-shell architecture of PS-b-PDBOS system helped realize 
morphologies with curved interface, the LC phase in the samples was not clearly 
discernible. On the other hand, homopolymer PTBOS which contains longer tails (hence 
thicker shell) exhibited better ordered LC ordering (ΦH) compared to PDBOS (ΦR). 
Hence PTBOS was incorporated as the LC block to achieve PS-b-PTBOS series and their 
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phase behavior was investigated. Both symmetric and asymmetric samples were studied. 
In the symmetric samples, the focus of the research was to understand if incorporating a 
highly ordered homopolymer into BCP still retains its order. In the asymmetric samples, 
both coil-rich and rod-rich samples were prepared and the competition between 
microphase separation and LC ordering will be investigated to determine the dominant of 
the two and their influence on the overall BCP morphology. The sample information is in 
Table 2.4. 
 
4.4.1 Phase structure of symmetric PS-b-PTBOS (Table 2.4 (1-5)) 
Figure 4.17a shows DSC thermograms of the symmetric PS385-b-PTBOS71 and 
PS202-b-PTBOS35 obtained by heating the sample at a rate of 10°C/min. Two transitions 
are evident from the plot corresponding to the Tg of PS and the isotropization (Ti) of 
PTBOS. The Ti is identified by the loss of birefringent LC texture (formed at 150°C) of 
the sample at ~240°C as shown in the PLM of PS202-b-PTBOS35 (Figures 4.17b and c). 
X-ray scattering experiments were conducted on the sheared samples. Figures 4.18a and 
b show the 2-D SAXS patterns of PS202-b-PTBOS35 where the X-ray was along the CD 
and FD of the sample. Four orders of scattering arcs are evident along the equator. These 
scattering arcs possess a ratio of 1:2:3:4 and the d-spacing corresponding to the first 
scattering peak is ~27.4nm. These results indicate that the PS and PTBOS blocks of the 
BCP underwent microphase separation and formed highly ordered L morphology with 
thickness ~27.4nm. Figures 4.18c and d show the wide-angle X-ray diffraction results 
obtained from the sample when the X-ray was along the CD and FD of the sample 
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Figure 4.17. a) DSC thermograms of the symmetric and asymmetric PS-b-PTBOS 
BCPs. b) PLM image of the sample at b) 150°C and c) 260°C. 
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Figure 4.18. 2D SAXS (a,b) and WAXD (c,d) of PS202-b-PTBOS35 with X-rays along 
the CD and FD. 
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respectively. Along the meridian direction, six orders of diffraction arcs are clearly 
evident. The first diffraction has a d-spacing of ~3.8 nm and the remaining arcs possess a 
ratio of 1: √3: √4: √5: √7 with the first diffraction arc indicating the formation of a 
columnar hexagonal (ΦH) structure: the BC-MJLCPs form the columns which further 
pack into a 2-D hexagonal lattice. Therefore, combining SAXS and WAXD experiments, 
the unique columnar hexagonal-in-lamellar (ΦH-in-L) structure can be identified. Figures 
4.19a and b show the TEM images of PS202-b-PTBOS35 along the FD/LD plane and 
CD/LD plane respectively. Alternating dark and white lamellae, representing PS and 
PTBOS domains respectively, are clearly visible from the sample, which was stained 
using RuO4. All the symmetric PS-b-PTBOS samples investigated exhibited similar ΦH-
in-L hierarchical phase morphology and Figure 4.19c shows a schematic representation 
of the hierarchical structure. Alternating layers of PS and PTBOS form lamellar BCP 
structure and with each PTBOS domain, the PTBOS forms macromolecular columns 
arranged in hexagonal lattice forming ΦH structure with lattice constant ~4.2 nm. This is 
the first ever instance where ΦH-in-L hierarchical structure was observed in  
macromolecular systems. Symmetric PS-b-PMPCS samples exhibited ΦN-in-L 
hierarchical structure and comparing their phase behavior to the ΦH-in-L morphology in 
PS-b-PTBOS, the prominent role of the soft-shell around the core in improving the LC 
ordering becomes evident. This was also observed in PTBOS homopolymers where 
systems with longer alkyl tails formed better LC phase structures. 
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4.4.2 Phase structure of PS-rich asymmetric PS-b-PTBOS (Table 2.4 (6,7)) 
PS567-b-PTBOS27 and PS567-b-PTBOS24 are the coil-rich samples and possess fPS = 
0.72 and 0.75 respectively. SAXS experiments were conducted on the sheared samples 
and Figures 4.20a and b show the scattering patterns of PS567-b-PTBOS27 when the X-ray 
was along the CD and FD respectively. Three orders of scattering can be clearly seen 
along the equatorial direction. The scattering peaks possess 1:2:3 ratio indicating a simple 
L BCP structure. The d-spacing of the lamellae, calculated from the first scattering peak, 
is ~54.7nm. Figures 4.20c and d show the WAXD patterns obtained with X-rays along 
the CD and FD respectively. Along the meridian direction, three orders of diffraction arcs 
can be seen as shown in the 1-D integration (inset of the Figure 4.20c). These diffraction 
arcs possess 1:√3:2 ratio with respect to the primary diffraction peak (of d-spacing is 
~3.8nm) indicating the formation of ΦH LC lattice similar to that observed in the 
symmetric samples. It is interesting to observe similar BCP and LC morphologies in both 
the symmetric and asymmetric samples. One difference between the X-ray results 
between these two categories of sample is the relatively weak intensity of higher order 
scattering arcs in the SAXS and WAXD experiments for asymmetric sample, indicating 
that both BCP and LC ordering structure are better achieved in the symmetric PS-b-
PTBOS. To observe these lamellar structures in real space, the sheared samples were 
microtomed, stained with RuO4 and observed under a TEM. Figures 4.21a and b show 
the TEM micrographs of FD/LD and CD/LD planes of PS567-b-PTBOS27. Alternating 
bright broken L can be clearly seen in a dark background. RuO4 preferentially stains PS 
domains and since the fPS of PS567-b-PTBOS27 is 0.72, the bright strips are PTBOS 
domains and they are perforated by PS chains. Observing perforated layer (PL) structure 
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Figure 4.19. TEM images of PS202-b-PTBOS35 showing the a) FD/LD plane and b) 
CD/LD plane. c) Schematic representation of the hierarchical ΦH-in-L structure. 
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Figure 4.20. 2D SAXS (a,b) and WAXD (c,d) pattern of PS567-b-PTBOS27 when the 
X-ray was along the a) CD and b) FD. 
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Figure 4.21. TEM micrographs of a) FD/LD and b) CD/LD planes of PS567-b-
PTBOS27. 
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in coil-rich RCBCP is not surprising since the macromolecular rods are more compatible 
with the planar interface as observed in PS-b-PMPCS and PS-b-PDBOS systems.206 It is 
interesting that although the TEM results of the sample show broken lamellar structure, 
the SAXS data shows a simple L pattern. This might be because of the lesser frequency 
and random nature of the perforations. Within the stripes of these broken L, the PTBOS 
macromolecular columnar order decreased drastically compared to the symmetric 
samples and this will be discussed in the following paragraph.  
Very interesting results were obtained in the PS567-b-PTBOS24 sample with fPS = 
0.75. Figure 4.22a shows the 2-D SAXS pattern when the X-ray was along CD. Three 
orders of scattering can be clearly seen along the equatorial direction. The q values of 
these scattering peaks possess a 1:2:3 ratio, indicating a L BCP structure with a d-spacing 
of ~ 52.7nm. Figure 4.22c shows the TEM micrograph of the CD/LD plane of PS567-b-
PTBOS24. Bright broken lamellae can be clearly seen. The bright strips are PTBOS 
domains and they are perforated by PS chains. Of interest is the dramatic change of the 
WAXD pattern as compared to that of the symmetric BCP: in the low angle region, 
higher order peaks completely disappeared and the LC structural order transformed from 
ΦH to ΦN phase as shown in Figure 4.22b (similar SAXS, WAXD and TEM patterns 
were observed along both CD/LD and FD/LD planes); the hierarchical structure is thus 
ΦN-in-PL. This LC symmetry breaking is possibly because of the splaying stress field of 
the coil chains that increases with fPS as shown in Figure 4.23ai. In a PL structure, as the 
coil chains stretch and perforate the rod layer, there exists lateral repulsion of the coil 
chains (Figure 4.23ai). Since the rods and the coils are covalently linked, this lateral 
repulsion of the coil chains further renders a splaying stress field on the LC rods, which 
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Figure 4.22. a) 2-D SAXS b) WAXD pattern and c) TEM image of PS567-b-PTBOS24 
when the X-ray was along CD. Similar patterns were observed with X-rays along FD. 
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Figure 4.23. (a) Schematic representation of the stress releasing process in the ΦN-in-
PL hierarchical structure before (i) and after (ii) blending with low Mn PS. (b) 
WAXD patterns show that the LC ordering was dramatically enhanced in the blend 
samples with 20 and 14% PTBOS (1, 2) compared to the pure BCP (3). 
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forces the rod to bend, thereby reducing the LC order as it becomes difficult for the rods 
to maintain in-plane symmetry. In order to confirm this splaying effect, we hypothesize 
that if this stress field is the reason for LC symmetry breaking, by blending with small 
amount of PS oligomers (pink chains shown in Figure 4.23aii), this stress could be 
partially released and the original ΦH could be recovered (as depicted in Figure 4.23aii) 
because the low Mn PS acts as a diluent in the system.32, 34 To this end, two blend samples 
were prepared and the PTBOS volume fractions were controlled to be 20% and 14%, 
respectively (PS567-b-PTBOS24-20 and PS567-b-PTBOS24-14 respectively). As shown in 
Figure 4.23b, compared to the WAXD pattern of pure BCP PS567-b-PTBOS24, the 
diffraction peaks of the blends became much sharper and the higher order reflections can 
be clearly seen. The LC order was thus dramatically increased upon blending, confirming 
that the ΦH LC symmetry was restored. This clearly supports our hypothesis on the 
stress-induced LC symmetry breaking. Such LC order improvement is not observed in 
conventional rod-coil systems (without core-shell architecture) because the rod-rod 
interactions are much stronger and it overcomes the stress induced by the coil-coil  
repulsion. Furthermore, the reduced order in the hexagonal order in PS567-b-PTBOS27 
indicates that fPTBOS = 0.28 is on the boundary for LC phase transformation from ΦH to 
ΦN phase.    
 
4.4.3 Phase structure of PTBOS-rich asymmetric PS-b-PTBOS (Table 2.4 (8, 9)) 
Figures 4.24a and b show the 2-D SAXS patterns of sheared PS160-b-PTBOS126 
(fPTBOS = 0.86) along the CD and FD respectively. A diffuse ring-like scattering is evident 
from the figure, indicating the lack of any orientation of the sample. No higher order 
172 
 
scattering was observed in both cases. Figures 4.24c and d show the TEM micrographs of 
PS160-b-PTBOS126 along the FD/LD and CD/LD planes respectively. Dark spherical 
domains are evident in a bright background in this RuO4 stained sample. Based on the fPS 
(0.14), it is clear that in this sample PS forms spherical domains in the PTBOS matrix. It 
is interesting that curved interfaces appear in the PTBOS-rich samples whereas in the PS-
rich systems broken lamellae are observed. In the PTBOS-rich samples, PS forms the 
minority domain and it is easier to pack the random coil PS chains into spherical 
domains. However, in the PS-rich systems where PTBOS forms the minority phase, the 
PTBOS molecules form supramolecular columns and packing them into a curved 
domains would impose enthalpic penalty on the system. The most favorable interface for 
such columnar phases is planar and hence, in the PS-rich systems broken lamellae are 
more predominant at asymmetric volume fractions. Another interesting observation from 
the SAXS and TEM results is that although the PS forms spherical microdomains, these 
spheres do not possess any regular packing correlation. Again, this kind of behavior can 
be correlated to the rigid nature of the PTBOS columns. When the PS spheres are formed 
in the BCP system, the corresponding PTBOS rods are crowded along the convex side of 
the PS spheres. In such a situation, efficient packing of the PS spheres into a well defined 
spherical lattice (eg. body centered cubic) would be difficult because such a structure 
would induce a lot of frustration in the packing of the PTBOS columns. Hence, no 
defined correlation can be observed between the spheres in the SAXS and in the TEM 
experiments. Furthermore, the crowding of PTBOS columns along the circumference of 
the PS spheres should result in a loss of in-plane registration between the PTBOS 
columns leading to the breaking of the hexagonal symmetry (observed in homopolymer 
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F-PTBOS14). Figures 4.24e and f show the WAXD patterns of the same sheared sample 
when the X-ray was along FD and LD directions. In the wide angle region, a uniform 
amorphous scattering is evident and in the low angle region, strong ring-like pattern 
without any higher order diffractions can be observed. Lack of higher order scattering in 
the WAXD pattern indicates that LC order is reduced and instead of ΦH, a columnar 
nematic (ΦN) phase is formed. This confirms that the curved interface between PS and 
PTBOS domain reduced the order of macromolecular rods. The hierarchical structure 
thus changes from ΦH-in-L to ΦN-in-S. PS192-b-PTBOS112 (fPTBOS = 0.82) also showed 
similar phase behavior. Based on these observations, the phase structures of PS-b-PTBOS 
BCPs are constructed and schematically shown in Figure 4.25. By designing a novel 
core–shell RCBCP, the LC ordering of the rods was decreased and the subtle competition 
between liquid crystallinity and BCP self-assembly was revealed. Contrary to the 
conventional rod–coil systems where LC ordering always dominates the microphase 
separation process, in the core–shell rod–coil system, microphase separation is provided 
with an opportunity to dominate LC ordering in forming the final phase structures. As a 
result, novel ΦH-in-L Figure 4.25a, ΦN-in-PL Figure 4.25b, ΦN-in-S Figure 4.25c 
structures were observed in the symmetric, coil-rich and rod-rich BCPs, respectively.218 
The ΦH symmetry was broken in the asymmetric BCPs, due to the lateral chain repulsion 
in the PL in the coil-rich sample, and the curved IMDS in the S BCP structure in the rod-
rich sample. 
4.4.4 Thermal stability of PS-b-PTBOS 
Figure 4.26a shows the TGA of PS202-b-PTBOS35 performed in air. The sample 
degradation temperature is ~291°C. PLM of the sample is shown in Figures 4.17b and c 
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Figure 4.24. 2D SAXS (a,b); TEM (c,d); and WAXD (e,f) of PS160-b-PTBOS126. 
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Figure 4.25. Schematic representation of phase structures of PS-b-PTBOS BCPs. 
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Figure 4.26. a) TGA b) In-situ SAXS and c) WAXD results of PS202-b-PTBOS35. 
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where the LC texture disappears and isotropic phase transition occurs at ~238°C 
indicating the TΦH-I of the sample. In-situ thermal SAXS and WAXS were performed on 
the sample from room temperature up to 260°C and are shown in Figures 4.26b and c. As 
observed in all the other MJ-LCBCP samples, the q value increased with temperature. 
Although between 230-240°C, the intensity of higher order peak reduced, it did not 
completely disappear. From the thermal WAXD results, shown in Figure 4.26c, complete 
disappearance of the higher order peaks occurs at ~240°C similar to the PLM observation 
of loss of LC texture at 238°C. Based on the SAXS, WAXD and PLM results, it can be 
concluded that in this sample, TΦH-I < TODT. 
In summary, providing core-shell architecture in BMJ-LCBCPs resulted in 
reduced rod-rod interactions thereby providing microphase separation a chance to 
dominate LC ordering in dictating the final phase behavior of the samples. Accordingly, 
unique ΦH-in-L, ΦN-in-PL and ΦN-in-S phases were observed that were not observed in 
any other regular RCBCP systems. A plot representing the possible and observed phase 
structures of PS-b-PTBOS system is shown in Figure 4.27a. ν (Rg/L) is plotted as a 
function of fPTBOS in the figure. Rg is calculated based on the experimental data for the 
unperturbed mean square end-to-end distance <R2>0 for PS as reported in literature using 
the formulae: 219 
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Figure 4.27. a) Plot depicting the explored regions of the possible sample 
configurations of PS-b-PTBOS system and the observed phase structures. b) The 
observed room temperature and high temperature phase behavior. 
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Table 4. 3. Hierarchical phase structures of PS-b-PABOS BCPs. 
 
Sample
Hierarchical
phase 
structure
PS135-b-PTBOS9 ΦH-in-L
PS96-b-PTBOS15 ΦH-in-L
PS202-b-PTBOS35 ΦH-in-L
PS385-b-PTBOS71 ΦH-in-L
PS288-b-PTBOS25 ΦH-in-L
PS567-b-PTBOS27 ΦH-in-PL
PS567-b-PTBOS24 ΦN-in-PL
PS192-b-PTBOS112 ΦN-in-S
PS160-b-PTBOS126 ΦN-in-S
PS192-b-PDBOS51 ΦN-in-C
PS195-b-PDBOS14 L
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The boundary (dotted line) denotes the possible ν values for PS-b-PTBOS system. PS Mn 
was varied from 1,000g/mol to 100,000g/mol and the corresponding Mn of PTBOS was 
calculated for a particular fPTBOS (0.1-0.9). Based on Mn values of PS and PTBOS, ν is 
calculated for each fPTBOS (0.1-0.9). Lowest and highest values of ν for each fPTBOS were 
taken as the limits that define the boundary. Note that the boundary is in dotted line and is 
not the absolute boundary because all fPTBOS values (such as < 0.1 and > 0.9) were not 
considered. For example PS of Mn 1,000g/mol and containing fPTBOS ~ 0.01 would have 
Mn PTBOS ~ 12.3 g/mol. At such low value, PTBOS does not form a rod and is hence 
irrelevant for comparison to the present system. Additionally, ν for such system would be 
~279 which would dwarf the series investigated in the present case. Hence, extreme 
values were eliminated and the observed phase structures were presented as a subset of 
all the experimentally feasible RC configurations of PS-b-PTBOS. Figure 4.27b shows 
the room temperature and high temperature phases observed in the samples where beyond 
~240°C the LC phase of the samples transform into I phase while at lower temperatures 
they form different ordered hierarchical structures as a function of fPTBOS. The three 
different regions over which these unique morphologies occur can be clearly 
distinguished in the figure which indicates the limits of fPTBOS over which the highly 
ordered hierarchical ΦH-in-L phase is stable and deviation would result in ΦN LC phase 
within PL or S morphologies based on the whether the coil or the LC block forms the 
majority domain respectively. The hierarchical phase structures of PS-b-PABOS system 
are tabulated in Table 4.3. 
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CHAPTER 5. PHASE BEHAVIOR OF SIDE-CHAIN LIQUID CRYSTALLINE 
BLOCK COPOLYMERS WITH BENT-CORE MESOGENS 
5.1 Introduction 
The phase behavior of MJ-LCPs with BCLC mesogens revealed the influence of 
the thickness of the soft shell around the macromolecular columns in inducing better LC 
ordering in the material. Predominantly, ΦR and ΦH LC phases were observed in these 
samples due to the macromolecular column formation. In MJ-LCBCPs the final phase 
behavior is the result of competition between the LC ordering of the macromolecular 
columns and microphase separation. In SCLCPs the decoupling of the interactions 
between mesogens and the polymer backbone prevents the formation of macromolecular 
rod-like structure. Hence in SC-LCBCPs, the competition is between microphase 
separation and LC ordering of the small Mn mesogens. As discussed in Section 1.1.3.1, 
BCLCs possess the inherent ability to form Sm layers with polar order due to the shape. 
Hence using BCLC mesogens in SC-LCBCPs facilitates investigation into the 
competition between the two processes. This part of the dissertation details the results 
obtained in PS-b-PMAC SC-LCBCP system where the mesogen is a BCLC and is 
attached to the polymer backbone using 12 carbon alkyl spacer (Table 2.1b (2)). 
 
5.2 Phase behavior of bent-core SCLCPs 
Poly(methacrylates) based SCLCPs with end on bent-core mesogens (Figure 5.1a) 
have been synthesized and their LC phase behavior has been reported.220 Poly(3’-[4-(4-n-
dodecyloxybenzoyloxy)benzoyloxy]-4-(12-acryloyloxydodecyloxy-)benzoyloxybiphenyl 
(PAC12), poly(3’-[4-(4-n-dodecyloxybenzoyloxy)-benzoyloxy]-4-(6-
methacryloyloxyhexyloxy)benzoyloxybiphenyl (PMAC6) and poly(3’-[4-(4-n-
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dodecyloxybenzoyloxy)benzoyloxy]-4-(12-
methacryloyloxydodecyloxy)benzoyloxybiphenyl (PMAC12) samples, where the number 
denotes the number of carbons in the alkyl spacer, were synthesized using both 
conventional free radical polymerization (FRP) and atom-transfer radical polymerization 
(ATRP) techniques. The monomers of these samples, MAC6, MAC12 and MAC12 
exhibited SmCP (Smectic C indicates the LC molecules are tilted with respect to the layer 
normal; P denotes polar ordering) phase. When the monomers were subjected to external 
electric field, a tristable switching process was observed indicating anti-ferroelectric 
behavior. Each of the tristable state is accompanied by texture change that could be 
monitored using PLM where extinction brush due to cross polarizers rotates with the 
electric field polarity as shown in Figure 5.1b. Polymerization of these monomers using 
FRP and ATRP resulted in the corresponding homopolymers that showed relatively 
smaller LC domain sizes (compared to the monomers) under PLM due to the increased 
viscosity. WAXD analysis revealed that the LC phase is bilayered SmCPA2 (Smectic C 
denotes the LC molecules are tilted with respect to the layer normal, P indicates the 
layers are polar, A indicates antiferroelectric behavior, and 2 represents the bilayered 
structure) in nature as shown in Figure 5.1c. The unique bilayer SmCPA2 LC phase 
formation was independent of the type of polymer backbone and the length of the spacer. 
This unique structure formation is attributed to the aggregation ability of the bulky BCLC 
mesogens which facilitates their segregation with the polymer backbone, every two 
layers. 
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Figure 5. 1. a) Molecular architecture of monomers of SC-LCPs. b) Texture changes 
associated with the switching process and schematic representation of the 
corresponding LC phases. c) SmCPA2 LC phase observed in SC-LCPs with bent-core 
mesogens. 
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By incorporating PMAC12 (referred to as only PMAC henceforth) as one of the 
block and PS as the other block, PS-b-PMAC SC-LCBCPs can be achieved. This series 
of samples were designed to investigate the competition between Sm LC phase formation 
and BCP microphase separation. The sample information is shown in Table 2.5 and were 
categorized based on fPMAC as low (4,5) and high (1,2,3)  fPMAC and their phase structures 
were characterized. 
 
5.3 Phase behavior of poly(styrene-block-{3’-[4-(4-n-
dodecyloxybenzoyloxy)benzoyloxy]-4-(12-
methacryloyloxydodecyloxy)benzoyloxybiphenyl}) (PS-b-PMAC) side-chain liquid 
crystalline block copolymers (SC-LCBCP) 
 
5.3.1 Phase structures of high fPMAC samples 
Figure 5.2 shows the endothermic DSC plots of PS-b-PMAC (low and high fPMAC) 
obtained with a heating rate of 10°C/min. Tg PS and Ti of PMAC transitions are clearly 
evident from the plots. Figures 5.3a and b show the 2D SAXS pattern of PS212-b-PMAC62 
along the CD/LD and CD/FD planes respectively. Scattering peaks possessing a ratio of 
1:2 can be clearly seen along the meridian direction and the d-spacing of the primary 
scattering peak is ~50.2nm, suggesting simple L BCP morphology. Figures 5.3c and d 
show the WAXD patterns of the same sample along the CD/LD and FD/LD planes 
respectively. Along the equatorial direction, about six orders of scattering peaks, 
possessing a 1:2:3:4:5:6 ratio with respect to the primary peak, are evident and the d-
spacing of the primary scattering peak is ~8.1nm. This indicates the presence of a layered 
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Figure 5. 2. DSC thermograms of PS-b-PMAC (low and high fPMAC) samples. 
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Figure 5. 3. 2D SAXS pattern PS212-b-PMAC62 with X-rays along the a) CD and b) 
FD. WAXD patterns showing the c) FD/LD and d) CD/LD planes of the sample. e) 
Azimuthal scan of the wide angle region of c). 
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Sm type of LC phase. The azimuthal integration of the amorphous halo of Figure 5.3c 
(shown in Figure 5.3e) shows four diffuse arcs symmetrically placed about the meridian 
forming pairs of straight lines at an angle of ~46° from the meridian. This indicates that 
the layered phase structure is SmC in nature, where the molecules are tilted with respect 
to the layer normal. Similar results were obtained in PMAC homopolymer which was 
assigned SmCPA2 LC phase and the same LC phase can be attributed to PMAC in 
BCP.220 It is interesting to observe that when PMAC is incorporated as one of the blocks 
in a BCP, it exhibited a similar phase behavior as the corresponding homopolymer. 
Figures 5.4a and b show the TEM image of PS212-b-PMAC62 along the CD/FD and 
FD/LD planes. The dark domains are the RuO4 stained PS lamellae and the white layers 
are PMAC. An interesting observation from the X-ray scattering and TEM data is the 
orientation of the BCP lamellae with respect to the shear geometry. In general, in a 
simple L BCP system oriented using mechanical shear, the preferred orientation of the 
BCP lamellae is parallel to the shear plane (FD/CD). However, in such a system, the 
SAXS pattern along the CD zone and FD zone should possess L scattering that are 
located along the equatorial direction as per our shear geometry (Figure 2.3) and the 
experimental setup. However, the L scatterings were observed along the meridian in the 
CD/LD plane and no scatterings were observed in the FD/LD plane. In addition, the 
appearance of L scatterings along the meridian direction of the FD/CD plane further 
suggests that the BCP L are not oriented parallel to the FD/CD plane. The most possible 
BCP arrangement that fits the observed SAXS patterns is that the lamellae are oriented 
perpendicular to the FD/CD plane with the layer normal parallel to the CD (adopting 
what is known as transverse orientation). From the WAXD results (Figure 5.3c and d), 
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the LC diffractions are located along the equatorial direction and the location of the Sm 
LC layer diffractions perpendicular to the BCP lamellar scatterings indicates that the Sm 
layers are oriented perpendicular to the BCP interface. Similar X-ray scattering and TEM 
results were obtained from the other high fPMAC samples. Based on these results, the 
hierarchical nanostructure of the high fPMAC samples can be constructed and is shown 
schematically in Figure 5.4c. Accordingly, the PS and PMAC layers undergo microphase 
separation and form alternating BCP layers and these layers possess a transverse 
orientation. Within the PMAC layers, the side-chain mesogens and the polymer backbone 
further undergo phase separation and the mesogens form a bilayered SmCPA2 LC phase 
similar to that observed in the PMAC homopolymer. 
 
5.3.2 Phase behavior of low fPMAC samples 
Figures 5.5a and b show the SAXS patterns of the FD/LD and CD/LD planes 
obtained from PS212-b-PMAC20. Up to four orders of scattering arcs are clearly visible 
along the equator and these arcs possess a ratio of 1:2:3:4 with respect to the primary 
scattering peak (d ~ 37.4nm) suggesting the formation of simple L BCP morphology with 
layer thickness of ~37.4nm. However, an interesting observation is the orientation of 
these L with respect to the shear geometry. In contrast to the X-ray results observed in 
high fPMAC samples, the L scattering arcs are located along the equator when the X-ray is 
along the CD and FD. This indicates that the orientation of BCP lamellae has changed 
and now they are oriented parallel to the FD/CD plane with the layer normal parallel to 
the LD. Compared to the transverse orientation of the BCP lamellae in PS212- 
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Figure 5. 4. TEM image of PS212-b-PMAC62 along the a) CD/FD and b) FD/LD 
planes. c) Schematic representation of the high fPMAC BCP phase structure. 
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b-PMAC62, observation of parallel orientation of the BCPs is interesting. This is the most 
favorable orientation in L forming coil-coil BCP system. Since the PMAC is the minority 
phase in these samples, it implies from the X-ray results that the BCP layers dominated 
the LC ordering in forming the overall phase structure of the system. Both the low fPMAC 
samples showed similar phase behavior. WAXD experiments were conducted in order to 
understand the orientation of the LC layers and the results are shown in Figures 5.5c and 
d when the X-rays are along the CD and FD respectively. Up to four orders of diffraction 
arcs are clearly visible along the meridian direction in both the figures. These arcs 
possess a ratio of 1:1.22:2.1 with respect to the primary diffraction peak (q~1.57nm-1). 
This suggests that the layered Sm LC phase observed in the high LC content samples has 
completely disappeared. The d-spacing corresponding to the primary diffraction arc is 
~4nm. Ratio between the diffractions reveals that the LC phase present in this sample 
resembles a ΦR phase and based on this structure, the diffraction arcs were indexed as 
(11), (20) and (13) and the lattice parameters are calculated to be a= 5.05nm and b = 
6.56nm. Based on the lattice parameters, the number of mesogens per unit cell can be 
calculated, using ρPMAC=1.22g/cc and assuming thickness of the unit cell ~0.4nm  due to 
van Der Waals interactions, to be ~12. The location of the arcs along the meridian in the 
WAXD results show that these LC columns were oriented parallel to the L normal. Both 
the samples containing low fPMAC showed similar phase behavior. Figures 5.6 a and b are 
the TEM micrographs showing the CD/LD and FD/LD planes of the BCP. The 
alternating dark and white stripes represent PS and PMAC lamellae. Based on the X-ray 
scattering and TEM results, the hierarchical phase structures of the low fPMAC samples can 
be constructed and is shown in Figure 5.7. PS and PMAC form L structures and these 
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Figure 5. 5. 2D SAXS (a,b) and WAXD (c,d) patterns PS212-b-PMAC20 with X-rays 
along the CD and FD. 
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Figure 5. 6. TEM image of PS212-b-PMAC20 along the a) FD/LD and b) CD/LD 
planes. 
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lamellae orient parallel to the FD/CD plane. Within the PMAC layers, the side-chain 
mesogens stack together forming columnar structures with rectangular in-plane 
symmetry, thus ΦR-in-L hierarchical structure is formed. 
It is interesting to observe a drastic change in the nature of LC phase and the 
orientation of the corresponding BCP morphology as a function of fPMAC. In conventional 
symmetric coil-coil L forming BCPs the preferred orientation for the L is parallel to the 
shear plane (CD/FD) such that the L normal is parallel to LD. However in high fPMAC SC-
LCBCPs, since PMAC also forms layered Sm phases, there exists a competition between 
LC ordering and BCP microphase separation. The competition is for the parallel 
orientation (with respect to the FD/CD plane) of both the BCP layers and LC Sm layers. 
In the samples containing high fPMAC, since PMAC forms the majority phase, the LC Sm 
layers dominate the parallel alignment process compared to the BCP layers and hence, we 
observed Sm layers oriented parallel to the FD/CD plane. The BCP layers then adopt a 
least distorted orientation such that they are commensurate with the Sm layers and the 
most favorable orientation is transverse alignment of the lamellae. All the samples 
containing high LC content showed similar phase structures. This shows the strong 
influence of Sm LC layers in dictating the BCP orientation. This is similar to the 
“transverse-parallel” type of molecular arrangement proposed by Thomas et al.141 (for a 
cylinder forming system) except that PS-b-PMAC is a L forming system where the LC 
Sm layers are oriented parallel to the FD/CD plane and the BCP lamellae are oriented 
such that the layer normal is parallel to the CD. Similar dominating effect of the LC 
phase has been observed in other SC-LCBCP systems also. de Jeu et al.149 reported the 
bulk and thin film phase behavior of a polymethyl methacrylate (PMMA) and a 
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poly(acrylate) block copolymer having semifluorinated alkyl side chains that form Sm 
LC layers. The fLC = 0.65 in the cylinder forming sample and in thin films, they observed 
that the Sm layers (matrix) are aligned in a favorable orientation (parallel to the substrate) 
forcing the orientation of the PMMA cylinders to arrange such that the cylindrical axis is 
perpendicular to the substrate. In a typical C forming coil-coil system, the most favorable 
orientation for the C is the parallel orientation. They attribute this abnormal C orientation 
to the strong influence of the Sm layers formed by the fluorinated side groups (which 
preferentially wet the substrate and surface). Hammond et al.148 also recently reported the 
strong influence of Sm LC phase: in a polystyrene and poly vinyl methylsiloxane based 
C-forming SC-LCBCP system with Sm LC layers, PS cylinders were oriented in 
transverse direction and the Sm layer normal was parallel to the C axis. The C retained 
their transverse orientation even when the LC was in the isotropic phase although one 
would expect the cylinders to adopt their favorable orientation (parallel to the FD) in such 
a situation. The authors conclude that the LC layers possess residual preferential 
orientation even in the isotropic state. This LC orientation influence is so strong that it 
prevents the cylinder reorientation. In a cylinder forming SC-LCBCP system, Tokita et 
al.152 recently reported that when the LC block is in the N phase, the BCP cylinders and 
the LC director were oriented parallel to the FD and when the N phase transformed into 
SmA, the C axis and the LC director orientation changed and they were aligned parallel 
to the LD. They attribute this BCP structure transformation to the favorable orientation of 
the Sm layers parallel to the FD/CD plane. In our case, we also observed a similar strong 
influence of the Sm LC phase in dictating the overall BCP phase behavior in all the high 
fPMAC samples where the lamellae were forced to adopt a transverse orientation, which 
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imparts the least distortion to the L layers. Another interesting observation is the 
transformation of SmCPA2 into ΦR in low fPMAC samples. In order to confirm that this 
transformation is not induced by the mechanical shear, unsheared sample was subjected 
to WAXD and the 1D integration of the 2D WAXD result is shown in Figure 5.8. A 
strong primary peak (q~1.53nm-1) and up to three higher order peaks are clearly evident 
from the figure. The higher order plots possess a ratio of 1:1.22:2.1 with the primary 
scattering peak similar to that observed in sheared BCP samples. This indicates that the 
transformation of PMAC LC phase from SmCPA2 to ΦR is not induced by mechanical 
shear instead it is a result of the lower LC content. This can be explained based on the 
competition between BCP microphase separation and LC ordering. In low fPMAC samples, 
the LC content is not enough to form Sm layers. Under shear, since the Sm layers are not 
contributing to the structure formation, BCP microphase separation becomes the 
dominating factor. Since the preferred orientation of the L is parallel to the shear plane, 
the L adopt this orientation. In such a situation, the mesogens are forced to adopt an 
orientation which is commensurate with the BCP L. In the present case, all the low fPMAC 
samples adopt a ΦR phase where the mesogens adopt a homogeneous orientation parallel 
to the IMDS. Thus the two sets of samples form perfect case study to understand the 
subtle competition between microphase separation and LC ordering in SC-LCBCPs 
where the decrease in LC content led to domination of BCP L coupled with a dramatic 
alteration in the hierarchical phase behavior. 
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Figure 5. 7. Schematic representation of the low fPMAC BCP phase structure. 
 
 
Figure 5.8. 1D integration of WAXD pattern obtained from unsheared PS212-b-
PMAC20. 
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5.4 Thermal stability of PS-b-PMAC samples 
The high temperature phase behavior of PS-b-PMAC is studied using TGA, in-
situ SAXS and PLM. Figure 5.9a shows the TGA of PS212-b-PMAC20 performed in air. 
Thermal decomposition temperature of the sample is ~361°C. Figure 5.9b shows the in-
situ heating SAXS results of PS212-b-PMAC20. The initial primary scattering peak 
(q~0.180nm-1) and its second order peak shifts to a higher q value (q~0.188nm-1) with 
increase in temperature up to 220°C. At 240°C, there is a drastic change in the behavior 
of the scattering peaks. The primary scattering peak shifts to a lower q value (q~0.12 and 
0.157nm-1) and the second order peak completely disappears, which might indicate TODT 
in the sample. However, the formation of two peaks at this temperature (240°C) is not 
completely understood. After performing the experiment, it was observed that the sample 
has flowed in the sample cell as the material becomes a viscous liquid at ~240°C. The 
double peak might be related to this sample flow indicating that the two peaks cannot be 
correlated to the structure of the sample and might be an artifact due to the flowing of the 
sample. In-situ PLM was performed on the sample as a function of temperature. Figure 
5.10 shows the PLM image of PS212-b-PMAC20 taken at 110°C and 260°C. Bright and 
birefringent texture observed at 110°C was stable up to 258°C and since the 
TiPMAC~135°C, the birefringence might be due to the BCP morphology. 
In summary, decoupling the interactions between BCLC mesogens and the 
polymer backbone in SCLCP helps achieve Sm LC phases, which are characteristic of 
BCLC systems. However, when such SCLCPs are introduced as a block in SCLCBCPs, 
there exists a competition between the LC ordering and BCP microphase separation 
process and these systems provide an opportunity to investigate which of the two 
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Figure 5. 9. a) TGA plot showing the thermal stability of PS212-b-PMAC20 in air. b) 
In-situ thermal SAXS showing the disappearance of higher order peak of PS212-b-
PMAC20 at ~240°C. 
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Figure 5. 10. PLM image of PS212-b-PMAC20 at a) 110°C and b) 260°C. 
 
Table 5. 1. Hierarchical phase structures in PS-b-PMAC. 
 
 
 
10μm 10μm
ba
Sample
Hierarchical
Phase
structure
PS212-b-PMAC62 (1) SmCPA2-in-L
PS192-b-PMAC39 (2) SmCPA2-in-L
PS212-b-PMAC34 (3) SmCPA2-in-L
PS212-b-PMAC20 (4) ΦR-in-L
PS212-b-PMAC15 (5) ΦR-in-L
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processes dominates and which one is subdued. In SCLCBCPs, only the samples 
containing high fPMAC were able to retain the Sm LC phase (of the homopolymer) by 
dominating the microphase separation process. Hence LC ordering becomes the dominant 
process. In samples with low fPMAC, microphase separation dominates and the Sm LC 
phase is not achieved anymore. It is interesting to observe the adaptability of the subdued 
process (LC ordering or microphase separation) in forming a phase structure that is 
commensurate with the dominant process. In high LC content samples where microphase 
separation is subdued, the BCP layers adopt a transverse orientation whereas in low LC 
content samples, the LC phase structure transformed into a ΦR phase. Accordingly, the 
hierarchical structure in high fPMAC samples can be classified as “transverse-parallel” 
SmCPA2-in-L while that in the low fPMAC samples belongs to ΦR-in-L as shown in Table 
5.1. 
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CHAPTER 6. PHASE BEHAVIOR OF HYDROGEN BONDED LIQUID 
CRYSTALLINE BLOCK COPOLYMERS WITH BENT-CORE MESOGENS  
6.1 Introduction 
Increased mobility of the mesogens showed a dramatic influence on the LC 
ordering in SCLCPs. In recent years, a lot of research is focused on the development of 
BCP supramolecular structures (formed between BCP and a low molar mass moiety) 
based on non-covalent interactions such as ionic interactions,163-165 metal coordinate 
complex formation,166-168 and hydrogen bonding.169-173  In general, these non-covalent 
interactions between a polymer and a low molar mass substance led to the formation of 
phase separated structures in the range of 1-5nm.  By introducing such polymer/moiety 
complexes as one block in a BCP, hierarchical structure-in-structure morphologies have 
been achieved.  Designing supramolecular dynamic and functional materials based on 
these weaker bonds is an attractive area of research because of the ease with which 
complex architectures can be formed and deformed as necessary.  Using solvent 
extraction, the small molar mass moiety can also be dissolved, leading to the formation of 
nanoporous films.172  Deposition of metals in such nanopores leads to the formation of 
arrays of nanodots and nanowires.173 Hydrogen bonding has also been extensively used to 
create unique LC phase structures.  Kato et al. reported the formation of supramolecular 
LC materials using H-bonding.176, 221  Small molecules with an end-functional group form 
hydrogen bond with polymers such as poly(vinyl pyridine).  In these systems, LC 
ordering was induced in non-mesogenic molecules due to H-bond and these complexes 
exhibited thermotropic N and Sm LC phases.  Such systems are attractive candidates for 
use as stimuli responsive materials because of the dynamic nature of the weak hydrogen 
bond.  Ikkala and ten Brinke have employed H-bonding to form supramolecular 
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structure-in-structure morphologies in a variety of BCP-amphiphile systems.  In one 
typical system, small molar mass amphiphile nonadecyl-phenol (NDP) was used in which 
the phenol end group of NDP forms hydrogen bond with the pyridine of poly(styrene-b-4 
vinyl pyridine) (PS-b-P4VP). Microphase separation led to the formation of PS and 
P4VP-NDP domains and within the P4VP-NDP domains, the polar and non-polar 
segments of NDP underwent phase separation and formed layered structures.  NDP 
lamellar layers were also observed in cylindrical and spherical BCP systems.171  
In this part of the thesis project, H-bond was introduced between the mesogen and 
the polymer backbone to further improve the flexibility of the mesogen and its influence 
on the phase behavior of BCP is investigated. Bent-core 1-[4’-(3’’,4’’,5’’-
tridecyloxybenzoyloxy)phenyleneoxycarbonyl]-3-[(4’-
hydroxyphenyl)oxycarbonyl]benzene (BP10/3-OH, 3 denotes three alkyl tails per mesogen 
and 10 stands for the number of carbon atoms in each tail.  BP will be used in the 
following text since this is the only H-bond forming small molecule used) molecule with 
hydroxyl end group is the proton donor which forms hydrogen bonded complex with the 
pyridine group of poly(styrene-b-4-vinyl pyridine) (PS-b-P4VP) BCP.  BP possess a 
bent-core (achieved by substituting on the 3 and 5 positions of the central benzene ring) 
and was selected to take advantage of the inherent ability of BCLC mesogens to form Sm 
polar ordering.65, 69, 70, 208, 209, 211, 220 PS and P4VP-BP blocks undergo phase separation 
and form ordered structures (10-100nm) whose morphology depends on the weight 
fraction of the blocks.  The polar and non-polar segments of P4VP-BP complex further 
undergo phase separation and form unique LC Sm layers (1-10nm) in P4VP domain of 
the BCP, resulting in a structure-in-structure type of morphology. 
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  6.2 Phase behavior of pure PS-b-P4VP 
Pure PS115-b-P4VP112 have a PS weight fraction of ~0.5. Figures 6.1a and b show 
the 2D SAXS pattern of PS115-b-P4VP112 along the FD/LD and CD/LD plane 
respectively. Scattering peaks with three orders possessing a 1:3:5 ratio are evident from 
the plot indicating a simple lamellar structure.  The d-spacing corresponding to the first 
scattering peak is ~28.6nm.  The disappearance of even order peaks indicates that PS and 
P4VP domains have similar dimensions.222 Figure 6.1c shows a TEM micrograph of 
FD/LD plane of the BCP exhibiting a lamellar structure with alternating dark (P4VP) and 
white (PS) regions.  The layer spacing measured from the TEM is in agreement with the 
d-spacing obtained from the SAXS pattern. 
 
6.3 Phase structures of PS-P4VP(BP)0.1 
The effective weight fraction of P4VP(BP) complex in PS-P4VP(BP)0.1 blend is 
0.65. This weight fraction is on the boundary region between a L and C morphology for 
coil-coil diblock copolymer system.21 Figures 6.2a and b show the SAXS pattern of the 
sheared PS-P4VP(BP)0.1  where the X-rays are along the CD and FD respectively. The 
scattering peaks exhibit seven orders that follow a 1:2:3:4:5:6:7 ratio, implying that the 
sample possesses a long range L structure.  The diffraction arcs are sharper compared to 
that of the pure BCP, which indicates that the BCP order was improved upon forming the 
complex. The scattering peaks of PS-P4VP(BP)0.1  have a full-width at half maximum 
(FWHM of 1st order peak = 0.021nm-1) that is half of the FWHM of the pure BCP 
(0.047nm-1) as shown in Figures 6.2c and d, suggesting an enhanced ordering, which is 
believed to be due to the formation of LC structures within the P4VP domain. 
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Figure 6. 1. a) 2D small angle X-ray scattering pattern of PS115-b-P4VP112 along the 
flow/loading plane (FD/LD) and constraint/loading plane (CD/LD) plane b) 
Transmission electron micrograph of PS115-b-P4VP112 microtomed sample along the 
FD/LD plane and stained with RuO4. 
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  In addition to the BCP lamellar scatterings along the equatorial region, two 
diffuse arcs are present along the meridian direction.  The corresponding d-spacing is 
6.8nm, indicating the formation of another structure orthogonal to the BCP layers.  The 
WAXD pattern is shown in Figure 6.2e.  In the wide angle region, two amorphous 
scattering halos are evident and the azimuthal scan of the amorphous scattering (Figure 
6.2f) indicates their azimuthal angles are perpendicular to the 6.8nm scattering arc 
observed in the SAXS experiments.  Combining SAXS and WAXD experiments, one can 
conclude a SmA–type phase was formed in the P4VP domains of the BCP complex and 
the Sm layer is perpendicular to the L IMDS of the BCP.  Since each BP molecule has a 
contour length of ~3.3nm, it is proposed that each Sm layer consists of two layers of BP 
molecules forming a bilayer structure (SmA2), similar to a few other bent-core LC 
polymers reported.220, 223  The Sm layer scattering arcs are weak, possibly due to the low 
concentration of the BP molecules.  Note that pure BP molecules do not exhibit LC 
behavior.  Therefore, formation of hydrogen bonds between P4VP and BP extended the 
anisotropy of the BP molecules, which in turn, leads to the formation of SmA2 LC 
structures. 
Figures 6.3a and b show the TEM micrographs of PS-P4VP(BP)0.1 thin sections 
along the FD/LD and CD/LD planes.  Long range ordered lamellar structure is evident 
from the micrograph consisting of dark (P4VP(BP)0.1) and white (PS) domains.  Left 
inset of Figure 6.3 shows an enlarged image of the L structure.  Similar pattern is also 
observed along the CD/LD plane.  Note that each of the dark P4VP(BP) layer consists of 
three distinct layers separated by a dark interface.  The formation of three distinct layers 
in one P4VP layer is intriguing.  We attribute this to the low content of BP molecules, 
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Figure 6. 2. 2D small angle X-ray scattering pattern of PS-P4VP(BP)0.1 with the X-
rays along the a) constraint direction (CD) and b) flow direction (FD) as defined in 
Scheme 2. 1D integration of SAXS pattern of c) pure PS115-b-P4VP112 and d) PS-
P4VP(BP)0.1 . e) Wide angle X-ray scattering pattern of PS-P4VP(BP)0.1 with the X-
rays along CD and f) Azimuthal scan of the amorphous region. 
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Figure 6. 3. Transmission electron micrograph of PS-P4VP(BP)0.1 showing the a) 
flow/loading direction (FD/LD) plane. (Inset on the left is magnified image of the 
lamellar structures which clearly shows that the P4VP(BP)0.1 region (dark) is 
divided into three regions. Inset on the right is the fast fourier transform of the 
image, which is similar to the SAXS pattern.) b) constraint/loading direction 
(CD/LD) plane. 
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when n = 0.1, only 10% of the P4VP chains formed H-bonds with BP.  This led to 
coexistance of P4VP and P4VP(BP) domains.  These two domains are separated into L 
structure with the P4VP(BP) layer sandwiched by the P4VP layers, reducing the contact 
between P4VP(BP) and PS as shown in Figure 6.4.  Alternating dark and light regions 
represent P4VP(BP) and PS lamellae oriented parallel to the shear direction.  Within the 
P4VP(BP)0.1 domains, three distinct regions exist that are separated by a dark interface.  
The two outer regions consist of P4VP chains and the inner region is made up of the 
aggregated BP and P4VP molecules, which are arranged in the form of SmA2 structures 
and the Sm layers are aligned perpendicular to IMDS.  Therefore, BCP microphase 
separation and BP aggregation led to the formation of structure-in-structure type 
morphology in hydrogen bonded BCP-small molecule system. ten Brinke et al. have 
performed extensive research on structure-in-structure morphologies observed in BCP-
amphiphile systems using a variety of non-covalent interactions including hydrogen 
bonding and a number of similar morphologies have been reported.30-34,36-43,45 In these 
systems, the small Mn amphiphile (such as nonadecyl phenol, pentadecyl phenol) is 
considered as a solvent incr the system and is present in a molar ratio of 1:1 with respect 
to the P4VP. The uniqueness of our system is that the BP molecule with a long aromatic 
mesogen readily facilitates Sm layer formation at relatively low blending ratio (as in the 
case of PS-P4VP(BP)0.1). Furthermore, by controlling the BP molecule concentration, 
three levels of ordering could be formed: (1) BCP phase separation between PS and 
P4VP/BP; (2) P4VP and P4VP(BP) phase separation in each P4VP-rich layer and (3) 
formation of  the SmA2.  Also note that, compared to the pure PS115-b-P4VP112, PS-
P4VP(BP)0.1 possess a wavy lamellar structure as seen from Figure 6.3.  This might be a 
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Figure 6. 4. Schematic representation of the phase structures observed in PS-
P4VP(BP)0.1. 
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result of the cumulative effect of two factors: First, the wavy nature of the Sm layers of 
the bent-core LCs69 and second, the lower content of the BP molecules. 
Another interesting feature of our system is the reduction of the lamellar d-
spacing of the BCP. The d-spacing corresponding to the first scattering peak is ~23nm 
which is much smaller than that of the pure PS115-b-P4VP112 (~28.6nm).  Extensive 
research has been conducted in the field of BCP/homopolymer blends that emphasize the 
relation between the BCP domain spacing and the concentration of homopolymer and its 
Mn.34, 224-227  In most cases, the domain spacing of BCPs increased with the addition of 
homopolymers.  However, Winey et al. reported that in a polystyrene homopolymer 
(hPS)/poly(styrene-b-isoprene) (PS-b-PI) BCP system, low Mn hPS blends at low 
concentrations led to an initial decrease in the lamellar d-spacing of PS-b-PI.34  It was 
argued that the increase in the hPS content led to lateral swelling of the PS domains (thus 
PI chains); hence the interfacial area increased, which in turn led to a decreased d-spacing 
of the PI domain.  In our case, the possible explanation for the decrease in the domain 
spacing is that within P4VP(BP)0.1 domain, the polar and non-polar domains of the 
complex underwent phase separation along with the aggregation of BP molecules to form 
Sm layers.  The result of such separation was that the P4VP chains were forced to stretch 
parallel to the IMDS in order to accommodate the Sm structure formation.  This 
stretching of the P4VP chains along the IMDS led to shrinkage of the chain dimension 
normal to the IMDS.  As a consequence, PS chains also expanded along the IMDS and 
shrank along the IMDS normal.  From the TEM images, it can be observed that in pure 
PS115-b-P4VP112, the PS and P4VP domain size is ~14.3nm each, however, in PS-
P4VP(BP)0.1, PS domains measure ~10 nm whereas P4VP domains (including three 
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layers) are ~13 nm.  This indicates that both PS and P4VP domains are subjected to 
shrinkage as a result of the BP Sm layer formation. 
   
6.4 Phase structures of PS-P4VP(BP)0.2 
Increasing the concentration of the LC molecules, so that the ratio of the number 
of pyridine to the number of LC molecules would be 5:1, resulted in the blend PS-
P4VP(BP)0.2 where the cumulative weight fraction of P4VP(BP)0.2 is 0.73.  Figures 6.5a 
and b show the 2D X-ray scattering obtained when the X-ray is along the CD and FD of 
the sample.  In this sample, the scattering peaks due to the BCP ordering are located 
along the meridian both in the FD/LD and CD/LD planes. These peaks possess a ratio of 
1:√3:√7, suggesting a hexagonally packed cylinder structure.  Along the equator, two 
strong scattering peaks obeying a ratio of 1:2, representative of a layered structure, and 
having a layer spacing of ~6.8nm can be clearly observed.  These scattering peaks are 
similar to the SmA2 that were observed in P4VP(BP)0.1 and are oriented perpendicular to 
the BCP ordering.   Figure 6.5c shows the SAXS pattern obtained along the FD/CD plane 
of the sample.  A scattering pattern with six-fold symmetry, representative of a hexagonal 
close packed cylinder structure, is evident from this figure.  Based on weight fraction, the 
P4VP(BP)0.2 domain forms the matrix and PS forms the cylindrical phase.  Two 
interesting features are evident from the X-ray results. First, the long axis of the PS 
cylinders are oriented parallel to the LD.  Second, the SmA2 scattering peaks oriented 
orthogonal to the BCP ordering are much stronger in intensity compared to those 
observed in sample P4VP(BP)0.1.  This might be due to the fact that increased BP 
concentration leads to the formation of more ordered Sm LC layers.  Real space image of 
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Figure 6. 5. 2D small angle X-ray scattering pattern of PS-P4VP(BP)0.2 with the X-
rays along the a) CD b) FD and c) LD. 
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the sample was obtained from TEM of microtomed sections stained with RuO4.  Figures 
6.6a and b show the TEM micrographs of the samples along the FD/LD and CD/LD 
planes.  Alternate dark and white regions, representing P4VP(BP)0.2 and PS domains, 
respectively, are clearly visible in the figure.  Each dark region further contains white 
strips oriented perpendicular to the BCP interface.  These perpendicular domains are 
uniform and span the entire dark region.  Since P4VP domains are preferentially stained 
by RuO4, the appearance of the white strips within the P4VP domains indicates that these 
domains are due to the formation of SmA2 LC layers, which are oriented normal to the 
BCP interface as observed from the SAXS experiments.  Figure 6.6c shows the TEM 
micrograph of the FD/CD plane of the sample.  White PS cylinders are clearly seen in the 
dark P4VP(BP)0.2 matrix.  Based on the X-ray and TEM observations, the phase structure 
of PS-P4VP(BP)0.2 can be constructed as shown in Figure 6.7, which shows hexagonally 
packed PS cylinders (white) in the P4VP(BP)0.2 matrix (dark).  Increasing the 
concentration of BP in the BCP changes the P4VP(BP)0.2 cumulative weight fraction to 
0.73, leading to the transformation of the sample morphology from lamellae to 
hexagonally packed PS cylinders.  In the P4VP(BP)0.2 matrix, SmA2 layers are oriented 
perpendicular to the BCP interface.  
The orientation of the LC BCPs under flow has been carefully investigated for 
cylinder forming side chain LC BCPs.141  Four possible structures were suggested by 
Thomas et al. including parallel-transverse, perpendicular-parallel, parallel-parallel and 
transverse-perpendicular as discussed in Section 1.1.5.  In this notation, the first word 
represents the BCP cylinder orientation while the second one denotes the orientation of 
the LC layers.  In their system, Thomas et al. observed parallel-transverse and transverse-
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Figure 6. 6. Transmission electron micrograph of PS-P4VP(BP)0.2 showing the a) 
FD/LD b) CD/LD and c) FD/CD. (Inset on the left is the fast fourier transform of the 
image along the FD/CD plane, which is similar to the SAXS pattern.) 
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Figure 6. 7. Schematic representation of the phase structures observed in PS-
P4VP(BP)0.2.  
 
Table 6. 1. Hierarchical phase structures of PS-b-P4VP/BP blends. 
Sample 
Hierarchical
phase 
structure 
PS-b-P4VP/BP0.1
 
SmA2-in-L
PS-b-P4VP/BP0.2 C-in-SmA2
 
 
 
FD
LD
CD
PS
P4VP/BP
216 
 
perpendicular orientations depending upon whether the sample shearing temperature was 
in the isotropic phase or the LC phase of the LCPs, respectively. Thus, the authors were 
able to demonstrate the influence of the LC phase on the BCP morphology. Recently, 
Hammond et al. reported the phase structures of siloxane functionalized side-chain LC-
BCPs where the transverse orientation of the cylinders was retained even in the isotropic 
region of the LCP.148  In our case, the orientation is perpendicular-parallel where the BCP 
cylinders are perpendicular to the FD/CD plane and the Sm layer normal is parallel to the 
LD. In this case, BCP cylinders are in the least favorable orientation while the Sm layers 
are in their most favorable orientation.  Formation of this unique orientation can be 
attributed to the fact that the present bent-core molecules possess longer mesogen groups 
compared to the previously reported systems. Therefore, under shear, Sm layers dictate 
the orientation of the system and they assume a parallel orientation.  Since homogeneous 
anchoring of the LCs on BCP cylinders is also important to minimize the defects of the 
system,141 the PS cylinders were then forced to adopt a less favorable perpendicular 
orientation.  These results show that the orientation of the LC BCP hierarchical 
nanostructures can be tuned by tailoring the molecular structure of the LCs. 
In summary, weak and non-covalent H-bond interactions between BCLC 
mesogen, BP and PS-b-P4VP BCP have been used to form LCBCPs with structure-in-
structure type of morphologies. PS and P4VP/BP undergo microphase separation and 
form ordered BCP morphologies at 10-100nm length scale and within the P4VP/BP 
domains, P4VP and BP undergo further microphase separation, due to the aggregation 
tendency of BCLC mesogens, leading to the formation of Sm layers at 1-10nm length 
scale. At low concentration of BP, the original L morphology of the BCP is retained and 
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the Sm LC layers were formed within the BCP layers with the Sm layer oriented 
perpendicular to the IMDS. With increasing concentration of BP, the original L BCP 
morphology transformed in to C morphology where the minority domains are due to PS 
and the matrix is formed by P4VP/BP. In this C forming system, the Sm layers of 
P4VP/BP are perpendicular to the C axis. The ability of the present system to readily 
form Sm layers indicates that high degree of mobility is achieved in the samples.153 The 
hierarchical phase structures are shown in Table 6.1. 
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CHAPTER 7. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
 
7.1 Conclusions 
• LC phases were successfully incorporated into self-assembled microphase separated 
BCP morphologies to achieve LCBCPs with structural and functional hierarchy.  
• The phase behavior of three LCBCP systems was investigated: MJ-LCBCPs, SC-
LCBCPs and H-bonded LCBCPs. The first two systems possess covalent interactions 
between LCPs and BCPs while H-bonding was used in the third. The factors (fLC, Mn) 
that affect the overall phase behavior of LCBCPs within each system were 
investigated.  
• MJ-LCBCP system 
o The PS-b-PMPCS MJ-LCBCP series consisted of PS coils and PMPCS 
macromolecular rods.  
o Low Mn symmetric samples exhibited ΦN-in-L hierarchical phase structures 
which consisted of alternating layers of PS and PMPCS forming BCP order at 10-
100nm length scale. Within each PMPCS domains, the macromolecular rods were 
oriented perpendicular to the IMDS forming a bilayered SmA type of 
morphology. There is no in-plane correlation between the macromolecular rods 
and the LC phase structure at 1-10nm length scale is identified as ΦN.  
o Low Mn asymmetric samples exhibited ΦN-in-TPL type of hierarchical phase 
structures. At the 10-100nm length scale, the BCPs formed a perforated layered 
morphology where the excess PS chains formed regular perforations within the 
PMPCS domains. These perforations possessed tetragonal in-plane symmetry as 
opposed to the popular hexagonal in-plane symmetry commonly observed in coil-
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coil PL systems. Within the PMPCS domains, the macromolecular rods were 
oriented perpendicular to the IMDS forming a ΦN LC phase.  
o High Mn samples exhibited PL structures at relatively symmetric fPMPCS. The 
initiation of PS perforations was observed in a sample. Fine-tuning the structure 
by blending low Mn PS homopolymer led to development of TPL structure. All 
the PL structures in PS-b-PMPCS thus possessed tetragonal in-plane symmetry.  
o The observation of L and PL morphologies emphasized the flat IMDS 
requirement of the MJ-LCBCP system due to strong rod-rod interactions. These 
interactions dominate BCP microphase separation process and prevent the 
formation of curved IMDS. 
o The PS-b-PABOS MJ-LCBCP series was designed to reduce the macromolecular 
rod-rod interactions by providing a soft shell around the aromatic core. The 
reduced interactions were expected to facilitate BCP microphase separation to 
dominate LC ordering.  
o Studies on the influence of the shell thickness and core diameter on the LC phase 
behavior showed that 5-ring mesogens with longer tails exhibited better LC 
behavior. Accordingly LCPs with 5-ring mesogens and 10 (PDBOS) and 14 
(PTBOS) carbon tails were selected to synthesize core-shell MJ-LCBCPs (PS-b-
PDBOS and PS-b-PTBOS series respectively).  
o In PS-b-PDBOS, PS C was observed in samples containing high fPDBOS and the 
LC phase was ΦN whereas L morphology was observed in sample with high fPS 
but no LC phase was observed.  
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o PS-b-PTBOS system with symmetric fPTBOS exhibited unique ΦH-in-L hierarchical 
structure consisting of alternating PS and PTBOS layers and within PTBOS, the 
macromolecular rods possessed hexagonal in-plane symmetry. The increased LC 
order is attributed to the shell-effect. In high fPTBOS asymmetric samples, ΦN-in-S 
type of hierarchical morphology was observed where PS spheres were surrounded 
by PTBOS rods. This arrangement of PTBOS rods led to the symmetry breaking 
and the LC phase transformed from ΦH to ΦN. In low fPTBOS asymmetric samples, 
ΦH-in-PL and ΦN-in-PL hierarchical structures were observed. 
• PS-b-PMAC SC-LCBCPs were designed to study the influence of reduced mesogen-
backbone interactions on the phase behavior as a function of fPMAC. Samples with 
high fPMAC exhibited SmCPA2-in-L phase (Smectic C denotes the LC molecules are 
tilted with respect to the layer normal, P indicates the layers are polar, A indicates 
antiferroelectric behavior, and 2 represents the bilayered structure) where the LC 
phase of the homopolymer PMAC is retained in the BCP. The Sm layer normal was 
perpendicular to the shear plane while the BCP L adopted a transverse orientation 
resulting in a transverse-parallel type of morphology. In samples with low fPMAC 
samples, the LC phase dramatically changed into ΦR while the BCP morphology 
remained L. BCP L were now oriented parallel to the shear plane while PMAC 
molecules adopted ΦR LC phase. 
• H-bonded LCBCP system was developed in order to further decouple the mesogen-
backbone interactions. Small molecule BP with terminal –OH group formed H-bond 
with P4VP of PS-b-P4VP BCP. All the samples exhibited SmA2 type of bilayered LC 
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structures. Based on weight fraction of P4VP/BP, L and C morphologies were 
observed. The Sm layers were always perpendicular to the BCP interface. 
7.2 Suggestions for future work 
• Modeling of LCBCP systems using computer simulations is required to substantiate 
the experimental results. Simulations can be performed using all three kinds of 
LCBCPs and the results can be verified with the present experimental data. Based on 
the accuracy of these results, new morphologies can be predicted in an effort to 
develop comprehensive phase diagrams. 
• Taking advantage of the shell structure of PS-b-PABOS, different chemistries can be 
introduced so as to obtain conducting channels. For example, incorporation of PEO 
tails doped with Li+ ions in a C forming BCP structure leads to conducting channels. 
The orientation of these channels can be altered by applying external fields such as 
mechanical shear. 
• In the H-bonded samples, the alkyl tails of the BP molecules can be substituted with 
thiol- functional groups which can then be used to attach nanoparticles (AuNPs). 
Using high Mn PS-b-P4VP system, enough space could be generated between the LC 
Sm layers in order to incorporate the AuNPs. This would lead to the formation of 
three component single phase system due to LC and NP ordering inside BCP 
nanodomains. 
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APPENDIX A. SYNTHESIS OF POLY(STYRENE-BLOCK-(2,5-BIS-[4-
METHOXYPHENYL]OXYCARBONYL)STYRENE) (PS-b-PMPCS) 
 
A.1. Materials 
Orcinol (98%), 4-(dimethylamino)pyridine (DMAP, 99%), and 
triphenylphosphine (99%) were used as received from Acros. 4-Methyloxybenzoic acid 
(98%), 4-ethyloxybenzoic acid (98%), 4-propoxybenzoic acid (98%), 4-butyloxybenzoic 
acid (98%), 4-pentyloxybenzoic acid (98%), 4-hexyloxybenzoic acid (98%), and N-
bromosuccinimide (NBS, 99%) were used as received from Aldrich. p-Hydroxybenzoic 
acid (99%,), methyl chloroformate (96%), romooctane (98%), bromodecane (98%), 
bromododecane (98%), bromotetradecane (98%), bromohexadecane (98%), N,N’-
dicyclohexylcarbodiimide (DCC, 95%) and 40% formaldehyde aqueous solution were 
used as received from Beijing Chemical Co. Azobisisobutyronitrile (AIBN) was 
recrystallized from ethanol before use. Benzoyl peroxide (BPO) was recrystallized from 
chloroform and methanol. Tetrahydrofuran (THF), purchased from Sigma-Aldrich, was 
refluxed over sodium under argon and distilled out before use. Chlorobenzene was dried 
by distilling from CaH2 under argon atmosphere. Styrene was purchased from Beijing 
Chemical Company and was distilled over CaH2. N, N, N’, N’’, N’’-
Pentamethyldiethylenetriamine (PMDETA) (>98%, TCI) and 1-bromoethylbenzene 
(BEB) (97%, Acros) were used as received without further purification. Cuprous bromide 
(CuBr) was purified by stirring in glacial acetic acid, filtering and washing with ethanol, 
and was then dried under vacuum. 3-bromophenol (99%), ethyl 2-bromopropionate 
(EBP, 99%), and trimethyl borate (99%) were used as received from Acros. 4-
bromophenol (99%), benzyl bromide (99%), diethyl azodicarboxylate (DEAD, 99%), 
ethyl p-hydroxybenzoate (99%), palladium carbon catalyzer, and p-toluenesulfonic acid 
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(99%) were used as received from Beijing Chemical Company. Benzyl 4-
hydroxybenzoate (99%) was used as received from Aldrich. 1,12-Dodecandiol (98%) and 
1,6-hexandiol (98%) were used as received from Fluka. 1,4-dioxaxne (99%), 4-
benzyloxyphenyl (99%), dichloromethane (99.5%), 3,4,5-trihydroxy benzoic acid methyl 
ester (98%), 1-bromodecane (98%), K2CO3, KOH, ethanol (99.5%), ethyl acetate 
(99.8%), acetone (99.9%), dichloromethane (99.5%) were used as received from Sigma-
Aldrich.  Homopolymer PS (Mn = 5,000 g/mol), diblock copolymer PS115-b-P4VP112 (Mw 
= 23800, PDI = 1.03), were purchased from Polymer Source Inc. and used without 
purification.  
 
A.2. Synthesis of poly(styrene-block-(2,5-bis-[4-methoxyphenyl]oxycarbonyl)styrene) 
(PS-b-PMPCS) MJ-LCBCPs with linear mesogens (Table 2.1b (1a)) 
A.2.1. Synthesis of PMPCS 
The synthesis procedure of PMPCS was developed by Zhou et al. and is shown in 
Figures A.1. and A.2.64, 76, 77, 191 2-methylterephthalic acid (1) was synthesized according 
to the literature and p-methoxylphenol (5) was synthesized using the procedure by 
Klarmann et al.228, 229 All other reagents and the solvents were pure chemicals or 
analytical reagents used as received. 
Synthesis of dimethyl methylterephthalate (2): A mixture of 9.0 g 
methylterephthalic acid (1) (50 mmol) and 60 mL absolute methanol (CH3OH) is placed 
in a 100mL round-bottomed flask. 1mL concentrated sulfuric acid was added. A reflux 
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Figure A. 1. Synthetic route for 2,5-bis-[4-methoxyphenyl]oxycarbonyl)styrene 
(MPCS). 
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condenser was attached and the mixture was boiled gently for 8 h. Distilled off the excess 
methanol by rotary evaporator. The residue was dissolved in benzene and washed in turn 
with saturated salt water for two times, sodium carbonate solution for 3 times, and 
saturated salt water to neutralize. After the solution was dried over anhydrous sodium 
sulfate, the benzene was evaporated. The residue was recrystallized in petroleum to get 
the crystal which melted at 76°C (literature: 76°C). Yield 80%. 
Synthesis of 2, 5-dimethoxylcarbonylbenzyl phosphonium bromide (3): 10.0g 
dimethyl methylterephthalate (2) (48mmol), 8.6g N-bromosuccinimide (NBS) (48mmol), 
0.5g benzoyl peroxide (BPO) and 60mL anhydrous carbon tetrachloride (CCl4) were 
placed in a 100 mL round-bottomed flask. A reflux condenser with dry tube was attached. 
The mixture was heated gently to reflux till the yellowish NBS was transformed into the 
light succinimide which became suspended in the reaction mixture. Allowed the system 
to cool and filtered the mixture under suction. The CCl4 was evaporated by rotary 
evaporator and 13.0 g triphenylphosphine (PPh3) (50 mmol) and 40 mL acetone were 
added into the flask. The mixture was refluxed for 4~5 h and allowed to cool. Then the 
mixture was filtered and the solid was washed several times with acetone. After drying, 
16.0 g white crystals were obtained, yield 60%. 
Synthesis of vinylterephthalic acid (4): 16gm of 2, 5-Dimethoxylcarbonyl-benzyl 
phosphonium bromide (3) and 50mL CH3OH were put in a flask. Three grams of sodium 
hydroxide (NaOH) in methanol was dropped slowly into the flask while a stream of 
formaldehyde (HCHO) gas was introduced. 3g NaOH in water was added and the 
mixture was stirred at 50°C for several hours. CH3OH was evaporated and the residue 
was filtered to remove the byproduct triphenylphosphine oxide. The filtrate was acidified 
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by dilute sulfuric acid to pH=2. The solid product was filtered under suction and 
recrystallized in alcohol and water. A white product was obtained (3.1 g, yield 60%). 
Melting point: 302~ 304°C (decomposing). 1H-NMR: 5.40~ 5.81, 2d, 2H(=CH2); 7.35 ~ 
7.42, q, 1H(-CH=); 7.85~8.16, m, 3H (phenyl); 13.14, s, 2H (-COOH). 
Synthesis of the MPCS monomer (6): Vinylterephthalic acid (4) (4.0 mmol, 0.77 
g) and PPh3 (2.2 g, 8.4 mmol) were dissolved in 10mL dried pyridine to obtain solution 
A. p-methoxylphenol (5) (1.04g, 8.4 mmol) and hexachloroethane (C2Cl6) (2.1 g, 8.8 
mmol) were dissolved in 10 mL dried pyridine to obtain solution B. Then the solution B 
was dropped into the solution A slowly. The mixture was stirred at 60°C for 5h. After 
cooling, the mixture was poured into methanol/water solution. The precipitate was 
filtered and purified using column chromatography on silica gel with chloroform as 
eluent. The product was further purified by recrystallization in benzene/petroleum ether 
to get colorless crystal (1.1 g, yield 66%), m.p. 109~ 110°C. IR (cm-1): 1720 (C=O). 
Mass spectrum: 404 (parent), 281 (base), 158, 130, 102. 1H-NMR (δ): 3.83, 3.84, 2s, 6H, 
2x(-OCH3); 5.47~ 5.86, 2d, 2H (=CH2); 6.95~ 7.18, m, 8H (phenyl); 7.51~7.54, q, 1H (-
CH=); 8.18~8.44, m, 3H (phenyl). Elemental analysis: Found (Calcd.): C%: 
71.30(71.28), H%: 4.79 (4.98). 
Synthesis of PMPCS (7): 2,2,6,6-tetramethyl-1-piperindinyl-oxy (TEMPO)-
mediated “living” free radical polymerization of MPCS (5) was performed in the bulk at 
130°C with BPO as initiator to obtain poly(2,5-bis-[4-
methoxyphenyl]oxycarbonyl)styrene) (PMPCS) (Figure A.2 (7)). 
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A.2.2. Synthesis of PS-b-PMPCS “rod-coil” LCBCPs (Figure A.2 (8)) 
Using styrene (St) as the coil, MPCS-block-St (x/y) was prepared by TEMPO-
mediated “living” free radical since PS macroinitiator was easily obtained by this 
polymerization technique and is shown in Figure A.2. TEMPO-mediated “living” free 
radical polymerization of styrene was carried out in bulk using a procedure mentioned in 
literature.230 The relatively higher melting point of MPCS (108±1°C), low solubility of 
PS-TEMPO in MPCS and the relatively smaller amounts of reagent used make it difficult 
for PS-TEMPO adduct to be dispersed homogeneously in the MPCS melt at the 
polymerization temperature. Hence, the chain extension was finished in p-xylene. During 
the polymerization of MPCS, the reaction mixture remained clear and colorless all the 
time. The crude copolymers were precipitated in and washed with methanol. Mn and the 
PDI were estimated from gel permeation chromatography (GPC) with PS standard. The 
copolymer composition was determined by nuclear magnetic resonance (NMR) 
spectroscopy (1H NMR, 400 MHz) with CDCl3 as solvent. The block length was 
estimated from the intensity ratio of the methoxy groups (δ = 3.3-3.8) and the aromatic 
groups (δ = 6.3-7.2). Figure A.2 shows a sample NMR spectrum. Sample information 
such as Mn, PDI and f is shown in Table 2.2. 
 
 
 
 
 
 
 
241 
 
 
 
 
 
 
Figure A.2. a) Synthetic route and b) 1HNMR spectra of poly(styrene-b-(2,5-bis-[4-
methoxyphenyl]oxycarbonyl)styrene)) (PS-b-PMPCS) BCP. 
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APPENDIX B. SYNTHESIS OF POLY[STYRENE-BLOCK-{3,5-BIS[(4’-((4’’-
ALKOYLBENZOYL)OXY)BENZOYL)OXY]STYRENE}] (PS-b-PABOS) 
 
Figures B.1, B.2 and B.3 show the synthesis route for the preparation of 
precursors, monomers, polymers and BCPs of PS-b-PABOS system. 
B.1 Synthesis of three ring (T-PABn) and five ring (F-PABOSn) bent-core mesogen 
jacketed LCPs (BMJ-LCPs) ( Figures B.1 and B.2) 
4-alkoxybenzoic acids (1) (n>6) were prepared by etherification of 4-
hydroxybenzoic acid with corresponding alkyl bromide, followed by recrystallization 
before use. 5-methyl-1,3-phenylene bis(4-alkoxy)benzoate (T-MeCn) was obtained by 
esterification of orcinol with appropriate 4-alkoxybenzoic acid using the carbodiimide 
method. 5-methyl-1,3-phenylene bis(4-hydroxy)benzoate (Figure B.2 (2)) was prepared 
according to the literature.231  
Synthesis of Precursors and Monomers: Synthesis of the three-ring BCLC 
monomer, 5-Vinyl-1,3- phenylenebis(4-alkoxy)benzoate (T-VCn) (Figure B.1(3)). All the 
monomers were synthesized following the sample procedure for the synthesis of 5-vinyl-
1,3-phenylene bis(4-methoxy)benzoate (T-VC1). 5-methyl-1,3-phenylene bis(4-
methoxy)benzoate (2) (T-MeC1; 5.52 g, 0.014 mol), NBS (3.008 g, 0.0169 mol), BPO 
(67.8 mg, 0.0003 mol), and 200 mL of CCl4 were added to a round-bottom flask. The 
mixture was refluxed until the orange color faded. The precipitate was filtered off and 
washed with CCl4. After evaporation of solvent, the residue was boiled with 3.67 g 
(0.014 mol) of PPh3 in 100 mL of xylene for 8 h. The obtained phosphonium salt was 
purified by silica gel column chromatography with dichloromethane (CH2Cl2) and 
CH3OH as the eluent to yield 3.07 g (30%) of phosphonium salt yellow solid. Monomer 
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T-VC1 was obtained by Wittig reaction. A 19 mL aliquot of 0.5 M K2CO3 aqueous 
solution was slowly added to 60 mL of 40% formaldehyde containing 7 g of the above 
obtained phosphonium salt. The mixture was stirred for 24 h at room temperature. After 
extraction of the mixture with CH2Cl2 and evaporation of solvent, the resultant crude 
product was purified first by column chromatography (silica gel; 
dichloromethane/petroleum ether, 3:1) followed by recrystallization from ethanol/THF to 
yield 0.4 g of T-VC1 white solid (50%). 
(1) T-VC1. 1H NMR: δ 4.03-4.06 (t, 6H, -OCH3), 5.33 (d, 1H, -CH=CH2), 5.79 (d, 1H, -
CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 11H, Ar-H). Anal. Calcd for 
C24H20O6: C, 71.28; H, 4.98. Found: C, 71.43; H, 4.86. 
(2) T-VC2. 1H NMR: δ 0.87-0.91 (t, 6H, -CH3), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -
CH=CH2), 5.81 (d, 1H, -CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 11H, Ar-H). 
Anal. Calcd for C26H24O6: C, 72.21; H, 5.59. Found: C, 72.41; H, 5.62. 
(3) T-VC3. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.82-1.84 (m, 4H, -OCH2CH2-), 4.03-
4.06 (t, 4H, -OCH2-), 5.35(d, 1H, -CH=CH2), 5.81 (d, 1H, -CH=CH2), 6.70 (m, 1H, -
CH=CH2), 6.98-8.16 (m, 11H, Ar-H). Anal. Calcd for C28H28O6: C, 73.03; H, 6.13. 
Found: C, 73.12; H, 6.10. 
(4) T-VC4. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.21-1.59 (m, 4H, -CH2CH3), 1.82-1.84 
(m, 4H, -OCH2CH2-), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -CH=CH2), 5.81 (d, 1H, -
CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 11H, Ar-H). Anal. Calcd for 
C30H32O6: C, 73.75; H, 6.60. Found: C, 73.75; H, 6.60. 
(5) T-VC5. 1H NMR: δ 0.87-0.91 (t, 6H, -CH3), 1.21-1.59 (m, 8H, -(CH2)2CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -CH=CH2), 5.81 (d, 
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1H, -CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 11H, Ar-H). Anal. Calcd for 
C32H36O6: C, 74.39; H, 7.02. Found: C, 74.58; H, 6.89. 
Synthesis of Precursors and Monomers: Synthesis of 5-Methyl-1,3-
phenylenebis[4-(4’-alkoxybenzoyloxy)benzoate] (FMeCn, Figure B.2 (3)) for five-ring 
monomer. All the F-MeCns were synthesized using the following procedure for n=8. 5-
methyl-1,3-phenylenebis(4-hydroxy)benzoate (2) (5.818 g, 0.016 mol), 4-
octyloxybenzoic acid (11.320 g, 0.032 mol), DCC (8.395 g, 0.0474 mol), and DMAP 
(0.39 g, 0.003 mol) were dissolved in CH2Cl2. The solution was stirred at room 
temperature for about 8 h. The precipitate was filtered and washed with CH2Cl2 for 
several times. After evaporation of the solvent, the obtained ester was purified by silica 
gel column chromatography with dichloromethane as the eluent to yield 11.9 g (90%) of 
F-MeC8. 
(a) F-MeC8. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.29-1.36 (m, 20H, -(CH2)5CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 2.36 (s, 3H, CH3-Ar), 4.03-4.06 (t, 4H, -OCH2-), 6.98-8.16 
(m, 19H, Ar-H). Anal. Calcd for C51H56O10: C, 73.89; H, 6.81. Found: C, 73.88; H, 6.82. 
(b) F-MeC10. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.29-1.36 (m, 28H, -(CH2)7CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 2.36 (s, 3H, CH3-Ar), 4.03-4.06 (t, 4H, -OCH2-), 6.98-8.16 
(m, 19H, Ar-H). Anal. Calcd for C55H64O10: C, 74.97; H, 7.19. Found: C, 74.62; H, 7.27. 
(c) F-MeC12. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.29-1.36 (m, 36H, -(CH2)9CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 2.36 (s, 3H, CH3-Ar), 4.03-4.06 (t, 4H, -OCH2-), 6.98-8.16 
(m, 19H, Ar-H). Anal. Calcd for C59H72O10: C, 75.29; H, 7.71. Found: C, 75.21; H, 7.68. 
(d) F-MeC14. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.29-1.36-(m, 44H, -(CH2)11CH3), 
1.82-1.84 (m, 4H, -OCH2CH2-), 2.36 (s, 3H, CH3-Ar), 4.03-4.06 (t, 4H, -OCH2-), 6.98-
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8.16 (m, 19H, Ar-H). Anal. Calcd for C63H80O10: C, 75.87; H, 8.09. Found: C, 75.76; H, 
7.98. 
(e) F-MeC16. 1H NMR: δ 0.87-0.91 (t, 6H, -CH3), 1.29-1.36 (m, 52H, -(CH2)13CH3), 
1.82-1.84 (m, 4H, -OCH2CH2-), 2.36 (s, 3H, CH3-Ar), 4.03-4.06 (t, 4H, -OCH2-), 6.98-
8.16 (m, 19H, Ar-H). Anal. Calcd for C63H80O10: C, 76.39; H, 8.42. Found: C, 76.15; H, 
8.44. 
Synthesis of 5-ring monomer, 5-Vinyl-1,3-phenylenebis[4-(4’-
alkoxybenzoyloxy)benzoate] (F-VCn) (Figure B.2 (4)). All the F-VCns were synthesized 
similar to the following example for n = 8. 5-Methyl-1,3-phenylenebis[4-(4’- 
octyloxybenzoyloxy) benzoate] (F-MeC8; 8.29 g, 0.010 mol), NBS (1.815 g, 0.0102 
mol), BPO (48.4 mg, 0.0002 mol), and 200 mL of CCl4 were added to a round-bottom 
flask. The mixture was refluxed until the orange color faded. The precipitate was filtered 
and washed with CCl4. After evaporation of solvent, the residue was boiled with PPh3 
(2.62 g, 0.01 mol) in 100 mL of xylene for 8 h. The obtained phosphonium salt was 
purified by silica gel column chromatography with dichloromethane and methanol as the 
eluent to yield 3.51 g (30%) of phosphonium salt yellow solid. 
Monomer F-VC8 (4) was obtained by Wittig reaction. A 6 mL aliquot of 0.5 M 
K2CO3 aqueous solution was slowly added to 37 mL of 40% formaldehyde containing 3.5 
g of the above obtained phosphonium salt. The mixture was stirred for 24 h at room 
temperature. After extraction of the mixture with dichloromethane and evaporation of 
solvent, the resultant crude product was purified first by column chromatography (silica 
gel; dichloromethane/petroleum ether, 3:1) followed by recrystallization from 
ethanol/THF to yield 1.26 g (50%) of F-VC8. 
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(a) F-VC8. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.29-1.36 (m, 20H, -(CH2)5CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -CH=CH2), 5.81 (d, 
1H, -CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 19H, Ar-H). 13C NMR: δ 14.05 (-
CH2CH3), 22.62-3l.77 (-(CH2)6CH3), 68.36 (CH2OAr), 114.40 (aromatic C ortho to 
OCH2), 114.92 (aromatic C para to CH=CH2), 116.02 (CH=CH2), 117.02 (aromatic C 
ortho to CH=CH2), 120.93 (aromatic C para to OCH2), 122.11 (aromatic C ortho to 
OC=O), 126.55 (aromatic C to CdO), 131.81 (aromatic C ortho to C=O), 132.38 
(aromatic C meta to OCH2), 135.34 (CH=CH2), 140.08 (aromatic C-CH=CH2), 151.49 
(aromatic C meta to CH=CH2), 155.49 (aromatic C-O-C=O), 163.82 (aromatic C-OCH2), 
164.04-164.24 (C=O). Anal. Calcd for C52H56O10: C, 74.26; H, 6.71. Found: C, 73. 77; H, 
6.61.  
(b) F-VC10. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.29-1.36 (m, 28H, -(CH2)7CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -CH=CH2), 5.81 (d, 
1H, -CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 19H, Ar-H). 13CNMR: δ 14.08 (-
CH2CH3), 22.64-3l.86 (-(CH2)8CH3), 68.34 (CH2OAr), 114.38 (aromatic C ortho to 
OCH2), 114.91 (aromatic C para to CHdCH2), 116.02 (CH=CH2), 117.01 (aromatic C 
ortho to CH=CH2), 120.89 (aromatic C para to OCH2), 122.10 (aromatic C ortho to 
OC=O), 126.52 (aromatic C to C=O), 131.80 (aromatic C ortho to C=O), 132.38 
(aromatic C meta to OCH2), 135.32 (CH=CH2), 140.06 (aromatic C-CH=CH2), 151.47 
(aromatic C meta to CH=CH2), 155.47 (aromatic C-O-C=O), 163.79 (aromatic C-OCH2), 
164.01-164.22 (C=O). Anal. Calcd for C56H64O10: C, 74.97; H, 7.19. Found: C, 73.57; H, 
7.16. 
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(c) F-VC12. 1H NMR: δ 0.87-0.91 (t, 6H, -CH3), 1.29-1.36 (m, 36H, -(CH2)9CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -CH=CH2), 5.81 (d, 
1H, -CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 19H, Ar-H). 13C NMR: δ 14.09 (-
CH2CH3), 22.66-3l.89 (-(CH2)10CH3), 68.36 (CH2OAr), 114.41 (aromatic C ortho to 
OCH2), 164.21-164.01 (C=O), 114.92 (aromatic C para to CH=CH2), 116.01 (CH)CH2), 
117.01 (aromatic C ortho to CH=CH2), 120.93 (aromatic C para to OCH2), 122.10 
(aromatic C ortho to OC=O), 126.55 (aromatic C to C=O), 131.81 (aromatic C ortho to 
C=O), 132.40 (aromatic C meta to OCH2), 135.35 (CH=CH2), 140.07(aromatic C-CHd 
CH2), 151.51 (aromatic C meta to CH3), 155.50 (aromatic C-OC=O), 163.81 (aromatic 
C-OCH2), 164.01-164.21 (C=O). Anal. Calcd for C60H72O10: C, 75.60; H, 7.61. Found: C, 
75.77; H, 7.68.  
(d) F-VC14. 1H NMR: δ 0.87-0.91 (t, 6H, -CH3), 1.29-1.36 (m, 44H, -(CH2)11CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -CH=CH2), 5.81 (d, 
1H, -CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 19H, Ar-H). 13C NMR: δ 14.07 (-
CH2CH3), 22.64-3l.88 (-(CH2)12CH3), 68.35 (CH2OAr), 114.38 (aromatic C ortho to 
OCH2), 114.91 (aromatic C para to CH=CH2), 116.01 (CH=CH2), 117.01 (aromatic C 
ortho to CH=CH2), 120.89 (aromatic C para to OCH2), 122.10 (aromatic C ortho to 
OC=O), 126.53 (aromatic C to C=O), 131.81 (aromatic C ortho to C=O), 132.38 
(aromatic C meta to OCH2), 135.31 (CH=CH2), 140.06 (aromatic C-CH=CH2), 151.46 
(aromatic C meta to CH=CH2), 155.46 (aromatic C-O-C=O), 163.79 (aromatic C-OCH2), 
164.03-164.24 (C=O). Anal. Calcd for C64H80O10: C, 76.16; H, 7.99. Found: C, 75.78; H, 
7.86. 
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(e) F-VC16. 1H NMR: δ 0.87-0.91(t, 6H, -CH3), 1.29-1.36 (m, 52H, -(CH2)13CH3), 1.82-
1.84 (m, 4H, -OCH2CH2-), 4.03-4.06 (t, 4H, -OCH2-), 5.35 (d, 1H, -CH=CH2), 5.81 (d, 
1H, -CH=CH2), 6.70 (m, 1H, -CH=CH2), 6.98-8.16 (m, 19H, Ar-H). 13C NMR: δ 14.08 (-
CH2CH3), 22.65-3l.89 (-(CH2)14CH3), 68.34 (CH2OAr), 114.38 (aromatic C ortho to 
OCH2), 114.91 (aromatic C para to CH=CH2), 116.01 (CH=CH2), 117.01 (aromatic C 
ortho to CH=CH2), 120.89 (aromatic C para to OCH2), 122.10 (aromatic C ortho to 
OC=O), 126.53 (aromatic C to C=O), 131.80 (aromatic C ortho to C=O), 132.38 
(aromatic C meta to OCH2), 135.32 (CH=CH2), 140.06 (aromatic C-CH=CH2), 151.47 
(aromatic C meta to CH=CH2), 155.47 (aromatic C-O-C=O), 163.79 (aromatic C-OCH2), 
164.01-164.22 (C=O). Anal. Calcd for C68H88O10: C, 76.66; H, 8.33. Found: C, 76.37; H, 
8.12. 
Polymerization (Figures B.1 (4) and B.2 (5)): All three-ring and five-ring 
polymers were obtained by conventional solution radical polymerization. A typical 
polymerization procedure is summarized as the following. About 0.4 g of 5-Vinyl-1,3-
phenylenebis[4-(4’-decoxybenzoyloxy)benzoate], 27 mL of 0.05 M AIBN chlorobenzene 
solution, and 2 mL of chlorobenzene were transferred into a polymerization tube. After 
three freeze-thaw cycles, the tube was sealed under vacuum. Polymerization was carried 
out at 60 °C for 24 h. The tube was then opened, and the reaction mixture was diluted 
with 10 mL of THF. After evaporation of the solvent, the products were purified using 
column chromatography with dichloromethane as the eluent in order to remove unreacted 
monomers. Polymers were obtained by precipitation in methanol followed by drying 
under vacuum at room temperature for 24 h. Mn details are listed in Table 
2.3.
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Figure B.1. Synthetic route for the three-ring monomer and polymer of 5-Vinyl-1,3- 
phenylenebis(4-alkoxy)benzoate (T-ABn and T-PABn). 
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Figure B.2. Synthetic route for the five-ring monomer and polymer of 3,5-bis[(4’-
((4’’-alkoylbenzoyl)oxy)benzoyl)oxy]styrene} (F-ABOSn and F-PABOSn). 
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B.2. Synthesis of PS-b-PABOS bent-core mesogen jacketed liquid crystalline block 
copolymers (BMJ-LCBCPs) 
Poly[3,5-bis[(4’-((4’’-alkanoylbenzoyl)oxy)benzoyl)oxy]styrene] with n=10 and 
14 carbon alkyl tails were chosen to incorporate as the LC block and PS was chosen as 
the coil block. The synthesis of these BCPs was similar to the following example of PS-
b-PTBOS. The chemical structure and synthesis of the PS-b-PTBOS is shown in Figure 
B.3. All block copolymers were synthesized by sequential atom transfer radical 
polymerization. 
Synthesis of PS-Br macroinitiators Macroinitiator PS-Br was synthesized as 
follows. Typically, styrene (8.012 g, 0.077 mol), BEB (0.071 g, 0.38 mmol), and 
PMDETA(0.066g, 0.38 mmol)  were added sequentially into a 50 mL reaction tube 
containing a magnetic stir bar. The reaction mixture was purged with nitrogen and 
subjected to two freeze-thaw cycles to remove any dissolved oxygen. Then, CuBr (0.055 
g, 0.38 mmol) was added. After another two freeze-thaw cycles, the tube was sealed 
under vacuum. Polymerization was carried out at 90°C for 4-5 h. After the 
polymerization was terminated by putting the tube into ice/water mixture, the tube was 
broken. The polymerization mixture was then diluted with 20 mL THF and passed 
through a basic Al2O3 column to remove copper complex. The collected polymer solution 
was precipitated into methanol. The precipitate was dried under vacuum. Mn, PDI of 
macroinitiators were measured by PS (GPC) with PS standard.  
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Figure B.3. a) Synthetic route for the poly(styrene-b-{3,5-bis[(4’-((4’’-
tetradecoylbenzoyl)oxy)benzoyl)oxy]styrene}) (PS-b-PTBOS) BCP. b) Typical 
1HNMR spectra of the sample. 
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Synthesis of PS-b-PTBOS Block copolymers were synthesized as shown in the 
following example of PS-b-PTBOS. Typically, TBOS (0.55 g, 0.54 mmol), PS-Br (0.57 
g, 0.027 mmol), PMDETA (0.0047 g, 0.027 mmol) and 1.3 g of chlorobenzene were 
added sequentially into a 10 mL reaction tube containing a magnetic stir bar. The reaction 
mixture was purged with nitrogen and subjected to two freeze-thaw cycles to remove any 
dissolved oxygen. Then, CuBr (0.0039 g, 0.027 mmol) was added. After another two 
freeze-thaw cycles, the tube was sealed under vacuum. The tube was put into an oil bath 
preset at 110 °C for ~10 h. After the polymerization was terminated by putting the tube 
into ice/water mixture, the tube was broken. The polymerization mixture was then diluted 
with 5 mL of THF and passed through a basic Al2O3 column to remove copper complex. 
After removing the solvent, the product was purified using column chromatography with 
dichloromethane as the eluent to remove unreacted monomers. Then it was concentrated 
and precipitated into a large amount of methanol. The crude product was collected, the 
BCPs were extracted with cyclohexane for 24 h to remove possible unreacted PS. The 
absence of the monomer from the polymer product was confirmed by the disappearance 
of the peaks associated with the vinyl protons at 5.35, 5.81 and 6.70 ppm in the 1H 
nuclear magnetic resonance (NMR) spectra of the monomer. The absence of unreacted 
PS was confirmed by GPC. Mn and PDI were estimated from GPC (Waters 150C) 
profiles and were calibrated with standard PS. The copolymer composition was 
determined by NMR spectroscopy (1H NMR, 400 MHz) with CD2Cl2 as solvent and 
Figure B.3 shows a sample NMR plot. The block length was estimated from the intensity 
ratio of the alkoxy groups (δ = 3.3-3.8) and the aromatic groups (δ = 6.3-7.2). Sample 
information such as Mn, PDI and f are listed in Table 2.4. 
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APPENDIX C. SYNTHESIS OF POLY(STYRENE-BLOCK-{3’-[4-(4-N-
DODECYLOXYBENZOYLOXY)BENZOYLOXY]-4-(12-
METHACRYLOYLOXYDODECYLOXY)BENZOYLOXYBIPHENYL}) (PS-b-
PMAC) 
 
C.1. Synthesis of poly(styrene-block-{3’-[4-(4-n-dodecyloxybenzoyloxy)benzoyloxy]-4-
(12-methacryloyloxydodecyloxy)benzoyloxybiphenyl}) (PS-b-PMAC) SC-LCBCPs with 
bent-core mesogens.  
Figure C.1a shows the synthesis route of PS-b-PMAC system. The synthesis of 
precursors, monomers and polymers of PMAC was followed from a previous reported 
article that details the synthetic route for the homopolymer.220 All BCPs were synthesized 
by sequential atom transfer radical polymerization. 
Synthesis of PS-Br macroinitiators Macroinitiator PS-Br was synthesized as 
follows. Typically, styrene (8.012 g, 0.077 mol), BEB (0.041 g, 0.22 mmol), and 
PMDETA(0.038 g, 0.22 mmol)  were added sequentially into a 50 mL reaction tube 
containing a magnetic stir bar. The reaction mixture was purged with nitrogen and 
subjected to two freeze-thaw cycles to remove any dissolved oxygen. Then, CuBr (0.031 
g, 0.22 mmol) was added. After another two freeze-thaw cycles, the tube was sealed 
under vacuum. Polymerization was carried out at 90°C for 4-5 h. After the 
polymerization was terminated by putting the tube into ice/water mixture, the tube was 
broken. The polymerization mixture was then diluted with 20 mL of THF and passed 
through a basic Al2O3 column to remove copper complex. The collected polymer solution 
was precipitated into methanol. The precipitated was dried under vacuum. The molecular 
weight and polydispersity of macroinitiators were measured by GPC with PS standard.  
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Figure C.1. a) Synthetic route for the poly(styrene-block-{3’-[4-(4-n-
dodecyloxybenzoyloxy)benzoyloxy]-4-(12-
methacryloyloxydodecyloxy)benzoyloxybiphenyl}) (PS-b-PMAC). b) Typical 
1HNMR spectra obtained for this sample. 
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Synthesis of PS-b-PMAC Block copolymers were synthesized as follows. Typically, 
MAC (0.49 g, 0.51 mmol), PS-Br (0.23 g, 0.008 mmol), PMDETA (0.0014 g, 0.008 
mmol) and 1.0 g of chlorobenzene were added sequentially into a 10 mL reaction tube 
containing a magnetic stir bar. The reaction mixture was purged with nitrogen and 
subjected to two freeze-thaw cycles to remove any dissolved oxygen. Then, CuBr 
(0.0011 g, 0.008 mmol) was added. After another two freeze-thaw cycles, the tube was 
sealed under vacuum. The tube was put into an oil bath preset at 90°C. After the 
polymerization was terminated by putting the tube into ice/water mixture, the tube was 
broken. The polymerization mixture was then diluted with 5 mL of THF and passed 
through a basic Al2O3 column to remove copper complex. After removing the solvent, the 
product was purified using column chromatography with dichloromethane as the eluent 
to remove unreacted monomers. Then it was concentrated and precipitated into a large 
amount of methanol. The crude product was collected, Soxhlet extracted using 
cyclohexane to remove unreacted PS. Figure C.1b shows a typical NMR plot obtained 
from the sample. Sample information such as Mn, PDI and f is shown in Table 2.5. 
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APPENDIX D. SYNTHESIS OF H-BONDED LCBCPS 
 
D.1. Synthesis of 1-[4’-(3’’,4’’,5’’-tridecyloxybenzoyloxy)phenyleneoxycarbonyl]-3-
[(4’-hydroxyphenyl)oxycarbonyl]benzene (BP). 
The synthetic procedure of BP is shown in Figure D.1a.   
1,3-bis[(4-hydroxyphenyl)oxycarbonyl]benzene (1) 4-benzyloxyphenol (10.01 g, 
50 mmol), isophthalic acid (4.15 g, 25 mmol), DMAP (0.61 g, 5 mmol), and DCC (10.32 
g, 50 mmol) were dissolved in dichloromethane (250 mL).  The solution was stirred at 
room temperature for 3h.  The precipitated N, N’-dicyclohexylurea was filtered off and 
washed with dichloromethane for several times.  After evaporation of the solvent, the 
residue was purified by silica gel column chromatography with dichloromethane as the 
eluent, to yield 11.94 g (90%) of product as a white solid.  The obtained product was 
dissolved in 1,4-dioxane (200 mL).  5% Pd/C catalyst (0.6 g) was then added to this 
solution.  The reaction mixture was stirred at 50 oC in hydrogen atmosphere for 5 h.  The 
catalyst was filtered off and the solvent was removed from the filtrate under reduced 
pressure.  The obtained residue was purified by recrystallization from 1,4-dioxane to 
yield 6.31g (80%) of 1 as white crystals.  1H NMR (δ, ppm, d6-DMSO): 6.82-6.85 (d, 
2H, Ar-H), 7.11-7.14 (d, 2H, Ar-H), 7.84-7.86 (m, 1H, Ar-H), 8.42-8.45 (m, 1H, Ar-H), 
8.75 (s, 1H, Ar-H), 9.55 (s, 2H, -OH) 
3,4,5-tris(decyloxy)benzoic acid (2) 3,4,5–trihydroxybenzoic acid methyl ester 
(1.84 gm, 10 mmol), 1-bromodecane (7.74 gm, 35 mmol) and K2CO3 (9.67 gm, 70 mmol) 
were dissolved in acetone (250 mL).  The solution was refluxed overnight and the 
mixture was poured in water.  After adjusting the pH (~4), the product was extracted 
using ethyl acetate.  The solvent was evaporated and the product was recrystallized in 
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methanol.  This recrystallized product (5.44 gm, 9 mmol) and KOH (2.524 gm, 45 mmol) 
were added to ethanol/water solution and refluxed for one day.  The solution was poured 
into water, adjusted the pH (~4) and extracted using ethyl acetate.  The solvent was then 
evaporated and the residue was purified by recrystallization using methanol to give 4.62 
gm (87%) of 2.  1H NMR (δ, ppm, CDCl3): 0.86-0.90 (t, 9H, 3-CH3), 1.27-1.49 (m, 42H, 
3-CH2-CH2-C7H14-), 1.72-1.86 (m, 6H, 3-O-CH2-CH2-), 4.00-4.06 (m, 6H, 3-O-CH2-), 
7.32 (s, 2H, Ar-H)  
1-[4’-(3’’,4’’,5’’-tridecyloxybenzoyloxy)phenyleneoxycarbonyl]-3-[(4’-
hydroxyphenyl)oxycarbonyl]benzene (BP): 1,3-bis[(4’-
hydroxyphenyl)oxycarbonyl]benzene (1.50 g, 4.28 mmol) (1), 3,4,5-
tris(decyloxy)benzoic acid (2.53 g, 4.28 mmol) (2), DMAP (0.05 g, 0.43 mmol), and 
DCC (0.88 g, 4.28 mmol) were dissolved in tetrahydrofuran(THF) (50 mL).  The solution 
was stirred at room temperature for 12h.  The precipitated N, N’-dicyclohexylurea was 
filtered off and washed with THF for several times.  After evaporation of the solvent, the 
residue was purified by silica gel column chromatography with dichloromethane and 
ethyl acetate as the eluent, to yield 1.58 g (40%) of product as a white solid.  1H NMR (δ, 
ppm, CDCl3): 0.86-0.90 (t, 9H, -CH3), 1.26-1.51 (m, 42H, -(CH2)7-), 1.79-1.86 (m, 6H, 3-
OCH2CH2-), 4.04-4.09 (t, 6H, 3-O-CH2-), 4.8 (s, 1H, -OH), 6.88-6.91 (d, 2H, Ar-H), 
7.11-7.14 (d, 2H, Ar-H), 7.27-7.31 (m, 2H, Ar-H), 7.42 (s, 4H, Ar-H), 7.70 (m, 1H, Ar-
H), 8.46-8.49 (d, 2H, Ar-H), 9.02(s, 1H, Ar-H). Figure D.1b shows a 1H NMR plot 
obtained for BP. 
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Figure D.1. a) Synthetic route for (PS-b-P4VP) block copolymer (BCP) and 1-[4’-
(3’’,4’’,5’’-tridecyloxybenzoyloxy)phenyleneoxycarbonyl]-3-[(4’-
hydroxyphenyl)oxycarbonyl]benzene (BP). b) Typical 1HNMR spectra obtained for 
this sample. 
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D. 2. Preparation of H-bonded blends 
To obtain the supramolecular assembly, PS-b-P4VP and BP were dissolved 
together in dichloromethane to form ~5wt % solution.  Two PS-P4VP(BP)n (n is the mole 
ratio of BP and pyridine) samples were prepared. They had different concentration of BP 
(n = 0.2 and 0.1). The solution was stirred for 20min at room temperature and was left 
overnight. The solvent was then allowed to evaporate slowly for 2 days at room 
temperature.  The resulting blend was further dried under vacuum for 1 day to remove the 
residual solvent and the sample was then annealed at 125 °C for 3 days to allow 
microphase separation. 
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